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EXECUTIVE SUMMARY

The 1990 Clean Air Act Amendments contain a list of 188 hazardous air

pollutants (HAPs) which the U.S. Environmental Protection Agency must study, identify sources

of, and determine if regulations are warranted.  Of these HAPs, arsenic and arsenic compounds

are the subject of this document.  This document describes the properties of arsenic and arsenic

compounds as air pollutants, defines production and use patterns, identifies source categories of

air emissions, and provides emission factors���6JG�FQEWOGPV�KU�C�RCTV�QH�CP�QPIQKPI�'2#�UGTKGU

FGUKIPGF�VQ�CUUKUV�VJG�IGPGTCN�RWDNKE�CV�NCTIG��DWV�RTKOCTKN[�5VCVG�NQECN�CKT�CIGPEKGU��KP

KFGPVKH[KPI�UQWTEGU�QH�*#2U�CPF�FGXGNQRKPI�GOKUUKQPU�GUVKOCVGU�
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CEVKXKVKGU�CTG�FWG�VQ�VJG�RTGUGPEG�QH�VTCEG�COQWPVU�QH�CTUGPKE�KP�HWGNU�CPF�OCVGTKCNU�DGKPI

RTQEGUUGF���+P�UWEJ�ECUGU��VJG�GOKUUKQPU�OC[�DG�SWKVG�XCTKCDNG�DGECWUG�VJG�VTCEG�RTGUGPEG�QH

CTUGPKE�KU�PQV�EQPUVCPV���(QT�KPUVCPEG��VJG�EQPEGPVTCVKQP�QH�CTUGPKE�KP�EQCN�ECP�XCT[�D[�HQWT

QTFGTU�QH�OCIPKVWFG���#TUGPKE�GOKUUKQPU�CNUQ�QEEWT�HTQO�CITKEWNVWTCN�EJGOKECN�RTQFWEVKQP�CPF

CRRNKECVKQP��CPF�CNUQ�HTQO�OGVCN�RTQEGUUKPI�FWG�VQ�VJG�WUG�QH�CTUGPKE�KP�VJGUG�CEVKXKVKGU�

+P�CFFKVKQP�VQ�VJG�CTUGPKE�UQWTEG�KPHQTOCVKQP��KPHQTOCVKQP�KU�RTQXKFGF�VJCV�URGEKHKGU�JQY

KPFKXKFWCN�UQWTEGU�QH�CTUGPKE�OC[�DG�VGUVGF�VQ�SWCPVKH[�CKT�GOKUUKQPU�
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SECTION 1.0

PURPOSE OF DOCUMENT

The Environmental Protection Agency (EPA) and State and local air pollution control

agencies are becoming increasingly aware of the presence of substances in the ambient air that

may be toxic at certain concentrations.  This awareness has led to attempts to identify

source/receptor relationships for these substances and to develop control programs to regulate

toxic emissions.  

To assist groups interested in inventorying air emissions of various potentially toxic

substances, EPA is preparing a series of documents that compiles available information on

sources and emissions.  Existing documents in the series are listed below.
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This document deals specifically with arsenic and arsenic compounds.  Its intended

audience includes Federal, State and local air pollution personnel and others who are interested in

locating potential sources of arsenic and arsenic compounds and in making gross emission

estimates of these air pollutants.

With the 1990 Amendments to the Clean Air Act (CAA), arsenic and arsenic compounds

were both recognized for their toxic characteristics and added to the list of hazardous air

pollutants (HAPs) presented in Section 112(d) to be evaluated in the development of maximum

achievable control technology (MACT) standards.  In addition, many States also recognize

arsenic and arsenic compounds as toxic pollutants, and some States may impose their own

regulations, which can be more stringent than the federal ones.  
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Arsenic air emissions have also been affected by regulatory activity from other

agencies--including the Occupational Safety and Health Administration (OSHA), where

regulations for reducing arsenic exposure to a variety of worker categories are in effect.

A concerted effort was made during the development of this document to coordinate with

the current work that is underway at the Office of Air Quality Planning and Standards (OAQPS)

in developing MACT standards.  Data were also available from National Emission Standard for

Hazardous Air Pollutants (NESHAP) project files for the regulations pertaining to arsenic

emissions from glass manufacturing plants, primary copper smelters, and arsenic trioxide and

metallic arsenic production facilities.

Also, as a result of the California “Hot Spots” program and other State source testing

efforts (where such information is available through EPA's Source Test Information Retrieval

System [STIRS] database and its Factor Information Retrieval [FIRE] System), data have been

documented from source tests performed to demonstrate, among other reasons, permit

applicability.  Such programs have been valuable for acquiring source-specific emissions data.

However, despite the data generated by these programs, the available data on some

potential sources of arsenic emissions are limited and the configurations of many sources will not

be the same as those described in this document.  Therefore, this document is best used as a

primer to inform air pollution personnel about:  (1) the types of sources that may emit arsenic,

(2) process variations that may be expected within these sources, and (3) available emissions

information that indicates the potential for arsenic to be released into the air from each operation.

The reader is strongly cautioned against using the emission factors or emissions

information contained in this document to try to develop an exact assessment of emissions from

any particular facility.  Available data are insufficient to develop statistical estimates of the

accuracy of these emission factors, so no estimate can be made of the error that could result when

these factors are used to calculate emissions from any given facility.  It is possible, in some cases,

that order-of-magnitude differences could result between actual and calculated emissions,

depending on differences in source configurations, control equipment, and operating practices. 
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Thus, in situations where an accurate assessment of arsenic emissions is necessary, source-

specific information should be obtained to confirm the existence of particular emitting

operations, the types and effectiveness of control measures, and the impact of operating practices. 

A source test should be considered as the best means to determine air emissions directly from a

facility or operation.

As standard procedure, L&E documents are sent to government, industry, and

environmental groups wherever EPA is aware of expertise.  These groups are given the

opportunity to review a document, comment, and provide additional data where applicable. 

Although this document has undergone extensive review, there may still be shortcomings. 

Comments subsequent to publication are welcome and will be addressed based on available time

and resources.  In addition, any comments on the contents or usefulness of this document are

welcome, as is any information on process descriptions, operating practices, control measures,

and emissions information that would enable EPA to update and improve the document's

contents.  All comments should be sent to:

Group Leader
Emission Factor and Inventory Group (MD-14)
U. S. Environmental Protection Agency
Research Triangle Park, North Carolina  27711



���

SECTION 2.0

OVERVIEW OF DOCUMENT CONTENTS

This section briefly outlines the nature, extent, and format of the material presented in the

remaining sections of this report.

Section 3.0 provides a brief summary of the physical and chemical characteristics of

arsenic and arsenic compounds and an overview of their production, uses, and emission sources. 

This background section is useful in developing a general perspective on arsenic, how it is

produced and consumed, and identifies potential sources of arsenic emissions.

Section 4.0 describes various combustion source categories where arsenic emissions have

been reported.  For each type of combustion source, a description(s) of the combustor is given

and potential arsenic emission points are identified on diagrams.  Emission factors for potential

arsenic emissions, before and after controls, are given where available.  

Section 5.0 focuses on air emissions of arsenic from the metallurgical industry.  For each

major production source category described in Section 5.0, a list of individual companies

identified in that particular industry is provided.  An example process description and a flow

diagram with potential arsenic emission points are provided.  Emission factors for potential

arsenic emissions, before and after controls employed by industry, are given where available.  

Section 6.0 describes arsenic emissions from the pulp and paper industry.  Process

descriptions, emissions, and associated control techniques from kraft recovery furnaces, smelt

dissolving tanks, lime kilns, and sulfite recovery furnaces are described.
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Section 7.0 summarizes other source categories that use arsenic and arsenic compounds

in their processes and emit arsenic or source categories whose raw materials contain arsenic that

is emitted in the manufacturing process.  The source categories discussed here include the

production of glass, agricultural chemicals, wood preservers, lead pencils and art goods, prepared

feeds, and Portland cement.  Limited information on many of these sources is available;

therefore, varying levels of detail on the processes, emissions, and controls are presented. 

Locations of facilities in each source category are provided, where available.

Section 8.0 summarizes available procedures for source sampling and analysis of arsenic. 

This section provides an overview of applicable sampling procedures and cites references for

those interested in conducting source tests.

Appendix A presents a summary table of the emission factors contained in this document. 

This table also presents the factor quality rating and the Source Classification Code (SCC) or

Area/Mobile Source (AMS) code associated with each emission factor.

Each emission factor listed in Sections 4.0 through 7.0 was assigned an emission factor

rating (A, B, C, D, E, or U) based on the criteria for assigning data quality ratings and emission

factor ratings as required in the document Procedures for preparing Emission Factor

Documents.   The criteria for assigning the data quality ratings to source tests are as follows:1

A - Tests are performed by using an EPA reference test method, or when not
applicable, a sound methodology.  Tests are reported in enough detail for adequate
validation, and, raw data are provided that can be used to duplicate the emission
results presented in the report.

B - Tests are performed by a generally sound methodology, but lacking enough detail
for adequate validation.  Data are insufficient to completely duplicate the emission
result presented in the report.

C - Tests are based on an unproven or new methodology, or are lacking a significant
amount of background information.

D  - Tests are based on generally unacceptable method, but the method may provide an
order-of-magnitude value for the source.
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Once the data quality ratings for the source tests had been assigned, these ratings along

with the number of source tests available for a given emission point were evaluated.  Because of

the almost impossible task of assigning a meaningful confidence limit to industry-specific

variables (e.g., sample size vs. sample population, industry and facility variability, method of

measurement), the use of a statistical confidence interval for establishing a representative

emission factor for each source category was not practical.  Therefore, some subjective quality

rating was necessary.  The following quality ratings were used in the emission factor tables in

this document:

A - Excellent.  Emission factor is developed primarily from A- and B-rated source test
data taken from many randomly chosen facilities in the industry population.  The
source category population is sufficiently specific to minimize variability.

B - Above average.  Emission factor is developed primarily from A- or B-rated test
data from a moderate number of facilities.  Although no specific bias is evident, it
is not clear if the facilities tested represent a random sample of the industry.  As
with the A rating, the source category population is sufficiently specific to
minimize variability. 

C - Average.  Emission factor is developed primarily from A-, B-, and C-rated test
data from a reasonable number of facilities.  Although no specific bias is evident,
it is not clear if the facilities tested represent a random sample of the industry.  As
with the A rating, the source category population is sufficiently specific to
minimize variability.

D - Below average.  Emission factor is developed primarily form A-, B-, and C-rated
test data from a small number of facilities, and there may be reason to suspect that
these facilities do not represent a random sample of the industry.  There also may
be evidence of variability within the source population.

E - Poor.  Factor is developed from C- rated and D-rated test data from a very few
number of facilities, and there may be reasons to suspect that the facilities tested
do not represent a random sample of the industry.  There also may be evidence of
variability within the source category population.

U - Unrated (Only used in the L&E documents).  Emission factor is developed from
source tests which have not been thoroughly evaluated, research papers, modeling
data, or other sources that may lack supporting documentation.  The data are not
necessarily “poor,” but there is not enough information to rate the factors
according to the rating protocol.
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This document does not contain any discussion of health or other environmental

 effects of arsenic, nor does it include any discussion of ambient air levels.
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SECTION 3.0

BACKGROUND

3.1 Physical And Chemical Nature Of Arsenic And Arsenic Compounds

Elemental arsenic (As, Chemical Abstract Service [CAS] No. 7440-38-2) is a silver-gray

crystalline metallic solid that exhibits low thermal conductivity.  Although arsenic is often

referred to as a metal, it is classified chemically as a nonmetal or metalloid belonging to

Group 15 (VA) of the periodic table.  The principal valances of arsenic are +3, +5 and -3.  Only

one stable isotope of arsenic having mass 75 (100 percent natural abundance) has been observed. 

Arsenic typically exists in the (alpha)-crystalline metallic form which is steel-gray in appearance

and brittle in nature, and in the beta-form, a dark gray amorphous solid.  “Metallic” arsenic1

remains stable in dry air, but its surface will oxidize when exposed to humid air, creating a

superficial golden bronze tarnish that turns black upon prolonged exposure.  The physical

properties of arsenic are presented in Table 3-1.1

Arsenic is found widely in nature, most often combined with oxygen, chlorine and sulfur. 

It is found in trace quantities in all living things, the atmosphere, water and geological

formations.   It is usually found in ores containing gold, silver, cobalt, nickel, and antimony.  2              3

There are over 150 known arsenic-bearing minerals.  Table 3-2 lists some of the more common

minerals.   The most significant source of commercial arsenic is a byproduct from the treatment1

of copper, lead, cobalt and gold ores.  The amount of arsenic found in lead and copper ores may

range from a trace to 2 to 3 percent.   Commercial end uses of arsenic include the following: 1

wood preservatives (e.g., chromium copper arsenate); electronics (e.g., semiconductors);

medicinals and botanicals; agriculture products (e.g., fungicides, herbicides, pesticides, and

silvicides); desiccants; nonferrous alloys; animal feed additives; glass; ceramics; and dyeing and 
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TABLE 3-1.  PHYSICAL PROPERTIES OF ARSENIC

Property Value

Atomic weight 74.92

Melting point (at 39.1 MPa) 816(Ca

Boiling point 615(Cb

Specific gravity (26(C) 5,778 kg/m3

Specific heat 24.6 J/(mol#K)c

Latent heat of fusion 27,740 J/(mol#K)c

Latent heat of sublimation 31,974 J/(mol#K)c

Linear coefficient of thermal expansion (20(C) 5.6 µm/(m#(C)

Electrical resistivity (0(C) 26 µ6/cm

Crystal system hexagonal (rhombohedral)

Lattice constants (26(C, mm) a = 0.376
e = 1.0548

Source:  Reference 1.

 To convert MPa to psi multiply by 145.a

 Sublimes.b

 To convert to cal/(mol#K) divide by 4.184.c

printing.  Inorganic arsenic occurs naturally in many kinds of rocks.  It is most commonly found

with sulfide ores as arsenopyrite.   Arsenic combined with carbon and hydrogen is classified as4

organic arsenic.  Inorganic and organic arsenic compounds are typically white to colorless

powders that do not evaporate, and have no smell or special taste.  Metallic arsenic, which is not

naturally-occurring, can be extracted from the flue-dust of copper and lead smelters in the form

of arsenic trioxide or white arsenic, which can then be reduced with charcoal to produce metallic

arsenic.  The elemental, metallic form of arsenic is used as an alloying additive for metals

(especially lead and copper shot), battery grids, cable sheaths, and boiler tubes.  The high-purity

or semiconductor grade of metallic arsenic is used in the manufacture of electronic products. 

The various classes of inorganic and organic arsenic compounds are discussed below.  Table 3-3  
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TABLE 3-2.  IMPORTANT ARSENIC-BEARING MINERALS

Mineral CAS No. Arsenic Content, %

Arsenopyrite (FeAsS) 1303-18-0 46

Lollingite (FeAs ) 12255-65-1 732

Orpiment 12255-89-9 61

Realger 12044-30-3 70

Native Arsenic 7440-38-2 90 - 100

5QWTEG� 4GHGTGPEG ��

presents a summary of the chemical formulas and end uses of the most commonly used arsenic

compounds.5

3.1.1 Inorganic Compounds

Arsenic Hydrides

The primary binary compound of arsenic and hydrogen is arsine (“arsenic hydride”).  It is

the only known hydrogen compound of arsenic.  Arsine is a colorless, very poisonous gas that

exhibits an unpleasant garlic like odor.  It is formed when any inorganic arsenic-bearing material

is brought in contact with zinc and sulfuric acid.  It can be accidentally formed by the reaction of

arsenic impurities in commercial acids stored in metal tanks.  Arsine is not particularly stable and

begins to decompose into its elements below 572(F.  In the presence of moisture, light can affect

the decomposition.  Arsine is capable of reducing many substances.  For example, it precipitates

metallic silver from silver nitrate solution.  The pure gas is stable at normal temperature.  While

it is not oxidized by air at room temperature, it can be ignited with the formation of arsenic,

arsenic trioxide, or arsenic pentoxide, depending upon the supply of air.  Arsine is used as a

dopant in the semiconductor industry,  and is used to produce gallium arsenide, GaAs, which is3

used in the field of optoelectronic and microwave devices.
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TABLE 3-3.  COMMON ARSENIC COMPOUNDS

Compound or Description Uses
Chemical Formula

Arsenic acid H AsO#0.5H O Manufacture of arsenates, glass making,3 4 2
wood treating process, defoliant (regulated),
desiccant for cotton, soil sterilant.

Arsenic disulfide As S Leather industry, depilatory agent, paint2 2
pigment, shot manufacture, pyrotechnics,
rodenticide, taxidermy.

Arsenic pentafluoride AsF Doping agent in electroconductive polymers.5

Arsenic pentasulfide As S Paint pigments, light filters, other arsenic2 5
compounds.

Arsenic pentoxide As O Arsenates, insecticides, dyeing and printing,2 5
weed killer, colored glass, metal adhesives.

Arsenic thioarsenate As(AsS ) Scavenger for certain oxidation catalysts and4
thermal protectant for metal-bonded
adhesives and coating resins.

Arsenic tribromide AsBr Analytical chemistry, medicine.3

Arsenic trichloride AsCl Intermediate for organic arsenicals3
(pharmaceuticals, insecticides), ceramics.

Arsenic trifluoride AsF Fluorinating reagent, catalyst, ion3
implantation source, and dopant.

Arsenic trioxide As O Pigments, ceramic enamels, aniline colors,2 3
decolorizing agent in glass, insecticide,
rodenticide, herbicide, sheep and cattle dip,
hide preservative, preparation of other
arsenic compounds.

Arsenic trisulfide As S Pigment, reducing agent, pyrotechnics, glass2 3
used for infrared lenses, semiconductors,
hair removal from hides.

Arsenic hydride (arsine) AsH Organic synthesis, military poison, doping3
agent for solid-state electronic compounds.

Source:  Reference 5.
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Other Arsenic Hydrides

In general, arsenides have little commercial uses.  While some arsenides have a defined

composition, others are mixtures.  Many arsenides occur in nature, and some of the naturally

occurring arsenides include Cu As (domeykite), FeAs  (lollingite), NiAs  (chloanthite), NiAs3   2  2

(niccolite), and CoAs  (smaltite).  Diarsine, As H, is a byproduct that occurs from the2    2

preparation of arsine by treatment of a magnesium aluminum arsenide alloy with dilute sulfuric

acid. It can also occur by passing arsine at low pressure through an ozonizer-type discharge tube. 

As a gas, diarsine is fairly stable, but rather unstable in condensed phases. 

Arsenic Halides

While arsenic forms a complete series of trihalides, only arsenic pentafluoride is a

well-known pentahalide.  Table 3-4 lists some known arsenic halides.   All of the arsenic halides1

are covalent compounds that hydrolyze in water  and can be formed by direct combination of the1

elements.  Arsenic trichloride is the most common and commercially significant of all arsenic

halides.  With a low boiling point, it is easily separated from tin trichloride and the chlorides of

other metals.  It can also be formed by spontaneous combustion of the elements.  Arsenic

trichloride has been used as a starting material for the production of numerous organoarsenic

compounds and for the preparation of chlorine derivatives of the arsines.  In addition, it is used as

a dopant in the semiconductor industry and in the production of high-purity arsenic metal.  Other

arsenic halides include arsenic trifluoride, arsenic pentafluoride, arsenic pentachloride, arsenic

tribromide, arsenic triiodide, and arsenic diiodide.

Arsenic Oxides and Acids

The only arsenic oxides that are commercially significant are the trioxide and pentoxide. 

Arsenic trioxide and arsenic pentoxide are described in detail below.
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TABLE 3-4.  PHYSICAL PROPERTIES OF ARSENIC HALIDES

Arsenic Halide CAS No.
Color and Physical State

at 25(C Mp, (C Bp, (C Specific gravitya

Arsenic trifluoride (AsF )3 7784-35-2 colorless liquid -6.0 62.8 2.6660

Arsenic pentafluoride (AsF )5 7784-36-3 colorless gas -79.8 2.8 2.33-53

Arsenic trichloride (AsCl )3 7784-34-1 colorless liquid -16.2 130.2 2.2050

Arsenic tribromide (AsBr )3 7784-33-0 yellow solid 31.2 221 3.6615

Arsenic triiodide (AsI )3 7784-45-4 red solid 140.4 ca 400 4.3915

5QWTEG� 4GHGTGPEG ��
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Arsenic Trioxide--Arsenic trioxide is also known as white arsenic.  It is the most

commercially important arsenic compound.  It can occur in two different crystalline forms and

one amorphous variety.  The octahedral or cubic modification, arsenolite, is the most common

form and is stable at room temperature.  It changes into a monoclonic modification, claudetite

(consisting of sheets of ASO  pyramids sharing oxygen), at temperatures above 430(F.  This3

modification is formed when condensation occurs at temperatures above 430(F.  Condensation

above 482(F will generally form the amorphous, glassy phase which devitrifies into the

octahedral modification at room temperature.  This octahedral variety is a white solid that

sublimes above 275(F and melts at 527(F under its own vapor pressure.1

Arsenic trioxide slightly dissolves in water to form a weakly acidic solution.  It is soluble

in acids and bases (amphoteric).  It can be made by burning arsenic in air, or by the hydrolysis of

an arsenic trihalide.  Commercially, it is prepared by roasting arsenopyrite.  It is often used as a

primary analytical standard in oxidimetry since it is readily attainable in a high state of purity and

is quantitatively oxidized by many reagents commonly used in volumetric analysis

(e.g., dichromate, nitric acid, hypochlorite, and iron(III)).  

Arsenic Pentoxide--Arsenic pentoxide is a “white glassy mass,” made up of equal

numbers of octahedra and tetrahedra sharing corner oxygens to give cross-linked strands.   It is3

an oxidizing agent capable of liberating chlorine from hydrogen chloride.  The compound

deliquesces in air to form arsenic acid.  It dissolves in water slowly, is thermally unstable, and

begins to decompose near the melting point, around 572(F.  The vapor is made up of arsenic

trioxide and oxygen.  The pentoxide can be made by reacting arsenic trioxide with oxygen under

pressure, or by dehydration of crystalline arsenic acid at temperatures above 392(F (the best

method).  1

Arsenous Acid--Arsenous acid is a weak acid with a dissociation constant of 8x10  at-16

77(F.  It is known to exist only in solution.

Arsenic Acid--Arsenic acid, is known in the solid state as the hemihydrate

H AsO #0.5H O and occurs as rhombic, deliquescent crystals.  It is made by the oxidation of 3 4 2
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arsenic trioxide with concentrated nitric acid.  Arsenic acid will lose water upon heating to 248(F

and forms pyroarsenic acid.  At elevated temperatures, more water is lost and meta-arsenic acid

forms.  In an acidic solution, arsenic acid and its salts are strong oxidizing agents.  Arsenic acid

is used as a defoliant and as a starting material for important inorganic and organic arsenic

compounds.   Various salts (arsenates) are derived from arsenic acid, and are described in detail3

below.

Arsenates

Arsenates are oxidizing agents and are reduced with concentrated hydrochloric acid or

sulfur dioxide.  They are generally similar to the phosphates in their compositions and

solubilities.  Of the many salts of arsenic acid, the salts of potassium, sodium, calcium and lead

are important commercially.  Arsenates of calcium or lead are often used as insecticides.  When a

solution of ortho-arsenate is treated with silver nitrate in neutral solution, a chocolate-brown

precipitate of silver ortho-arsenate forms.  Silver ortho-arsenate can be used as a test to

distinguish arsenates from phosphates.  With hydrofluoric acid, ortho-arsenate solutions yield

hexafluoroarsenates (e.g., potassium hexafluoroarsenate).

Arsenic Sulfides

Table 3-5 presents the physical properties of the common arsenic sulfides.   These1,3

arsenic sulfides are described in detail below.

Arsenic Disulfide--Arsenic disulfide (“red glass”) exists in ruby-red crystals or as an

amorphous reddish mass.  It occurs naturally as the mineral realger.  At 513(F it changes into a

black allotropic modification and at 585(F the compound melts.  Its purity and fineness rather

than its chemical composition determine its commercial value.  Industrially manufactured red

arsenic glass varies in its composition.  Today, red glasses typically contain around 61 to

64 percent arsenic and 39 to 36 percent sulfur.  Commercially, the compound is produced by

heating a mixture of iron pyrites and arsenopyrites or by heating arsenic trioxide with sulfur.  It

can also be made by prolonged treatment of arsenous sulfide with boiling aqueous sodium 
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TABLE 3-5.  PHYSICAL PROPERTIES OF COMMON ARSENIC SULFIDES

Arsenic Sulfides CAS No. Formula State at 25(C
Molecular Color and Physical

Arsenous sulfide (orpiment) 12255-89-9 As S Yellow solid2 3

Arsenic sulfide (realgar) 12279-90-2 As S Gold or orange solid4 4

Arsenic pentasulfide 1303-34-0 As S Yellow solid4 10

Tetraarsenic trisulfide 1303-41-9 As S Orange-yellow4 3

Tetraarsenic pentasulfide 25114-28-7 As S4 5

Source:  Reference 1.

bicarbonate, or by heating a sodium bicarbonate-arsenous sulfide mixture in a sealed tube.  Water

does not affect it, however it will oxidize in nitric acid and inflame in chlorine.  Red glass is

primarily used as a depilatory in the manufacture of fine leather, and also used in pyrotechnics.

Arsenic (III) Sulfide--Arsenic (III) sulfide is known as orpiment and occurs as a yellow

mineral.  It is made by precipitation of trivalent arsenic compounds with hydrogen sulfide.  The

colloidal solution of the arsenic trisulfide can be flocculated with hydrochloric acid, in which it is

insoluble.  It readily dissolves in basic reagents.  Orpiment contains unchanged arsenic trioxide

and is poisonous.  It was used in the past for cosmetic purposes, but currently it is used in the

semiconductor industry, in the production of infrared-permeable windows, and as a pigment. 

Arsenic (V) Sulfide--Arsenic (V) sulfide (also referred to as arsenic pentasulfide) is made

by fusing stoichiometric quantities of arsenic and sulfur powder or by precipitation from highly

acidic arsenate (V) solution with H S.  Arsenic (V) sulfide will decompose into arsenic (III)2

sulfide and sulfur.  The compound is stable in air up to temperatures of 203(F, but begins to

dissociate into arsenous sulfide and sulfur at higher temperatures.  It can be hydrolyzed by

boiling with water resulting in arsenous acid and sulfur.  
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3.1.2 Organic Arsenic Compounds

Arsenic combines easily with carbon to form a wide variety of organic compounds with

one or more As-C bonds.  There are many known organoarsenic compounds.  Table 3-6 presents

a number of examples.  1

Arsenic compounds used in agriculture as plant protection agents and pesticides have

largely been replaced by metal-free compounds.  In the United States, only certain preparations

are allowed for use in some States (e.g., those of the Ansar series).   For wood preservatives,3

arsenic compounds are used solely in compound preparations.  Organic arsenic compounds can

be grouped into aliphatic organoarsenic compounds and aromatic organoarsenic compounds. 

Both of these groups are described in detail below.

Aliphatic Organoarsenic Compounds

This class of compounds is still used as herbicides and fungicides in rice, cotton, fruit,

and coffee plantations, particularly in Eastern Asia.  The three main aliphatic organoarsenic

compounds are described below.

Methanearsonic Acid

Salts of methanearsonic acid, particularly the iron ammonium salt, Neoasozin, are used as

a fungicide in rice growing.  The sodium, ammonium, and diethanolammonium salts are used as

herbicides in cotton growing.3

Dimethylarsinic acid

Dimethylarsinic acid, also called Ansar 160, is used as a total herbicide and desiccant. 

Generally, it is produced by reaction of methyl halide with a salt of arsenous acid.3
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TABLE 3-6.  ORGANIC ARSENIC COMPOUNDS

Compound CAS Number Formula
Molecular

Ethylarsine 593-59-9 C H As2 7

Diethylarsine 692-42-2 C H As5 11

Triphenylarsine 603-32-7 C H As18 15

Dimethylbromoarsine 676-71-1 C H AsBr2 6

Methyldifluoroarsine 420-24-6 CH AsF3

Oxophenylarsine 637-03-6 C H AsO6 5

Phenylarsonous acid 25400-22-0 C H AsO6 7 2

Dimethylarsinous cyanide 683-45-4 C H AsN3 6

Methyl diphenylarsinite 24582-54-5 C H AsO13 13

Tetrakis(trifluoromethyl) diarsine 360-56-5 C As F4 2 12

Pentamethylpentaarsolane 20550-47-4 C H As5 15 5

4-Ethylarsenin 76782-94-0 C H As7 9

1-Chloroarsolane 30077-24-8 C H AsO4 8

1H-arsole 4542-21-6 C H As4 5

Phenylarsonic acid 98-05-5 C H AsO6 7 3

Diphenylarsinic acid 4656-80-8 C H AsO12 11 2

Arsonoacetic acid 107-38-0 C H AsO2 5 5

Diethyl methylarsonate 14806-25-8 C H AsO5 13 3

Triphenylarsine oxide 1153-05-5 C H AsO18 15

Tetrachlorophenylarsorane 29181-03-1 C H AsCl6 5 4

Tetramethylarsonium perchlorate 84742-76-7 C H AsClO4 12 4

Triphenylarsonium 2-propenylide 88329-28-6 C H As21 19

Source:  Reference 1.
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Aromatic Organoarsenic Compounds

There are two classic methods of preparing aromatic organoarsenic compounds.  In one

method, aniline is reacted with arsenic acid at 392(F as seen in the sulfonation of organic

compounds:

C H NH  + H AsO  --> H N + C H  + AsO(OH)6 5 2  3 4  2   6 4  2

In the other method, diazo compounds are reacted with sodium arsenate (III):

C H N Cl + Na AsO  --> C H  + AsO(ONa)  + N  + NaCl2 5 2   3 3  6 5  2  2

Of the two methods, the second method has proven to be the most commercially

important in producing arsonic acids.

In a more modern process, arsenic acid complexed with EDTA is added at 266(F to a

solution of excess aniline in perchloroethylene.  The water of reaction and any unreacted aniline

are separated off, and the bis(4-aminophenyl)arsinic acid intermediate is converted by acidic

hydrolysis into arsanilic acid.  

Arsonic acids are used in various industrial applications.  For example, they have been

used as corrosion inhibitors for iron and steel, and as additives for motor fuel, agricultural

bactericides, herbicides, and fungicides.    

The primary use of the arsonic acids was in their supplementary processing to

arsenobenzenes and “arsenic oxides” by reduction with SO , phosphorus trichloride, sodium2

dithionite, phosphorous acid, or tin (II) chloride.  Reduction with zinc dust and hydrochloric acid

yields the arsines, which are reoxidized in air (e.g., phenylarsine, rapidly oxidized in air to form

the arseno compound, C H As ).  Additional uptake of oxygen is considerably slower unless6 5 n

catalyzed (e.g., by iron).3
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Arsenic oxides are relatively stable.  All arsenic oxide compounds are oxidized to arsonic

derivatives by strong oxidants, including hydrogen peroxide, halogens, and Chloramine—T

(sodium p-toluenechlorosulfonamide).  

The aromatic arsonic acids are dibasic.  Aqueous solutions of the monosodium salts are

neutral to mildly acidic, whereas those of the disodium salts are slightly alkaline (pH of 8 to 9). 

Magnesium and calcium salts are typically soluble in cold water, but upon heating, they

precipitate to practically insoluble deposits.  Because magnesium and calcium salts are soluble in

cold water, they can be used to separate arsonic salts from cold solutions.  Arsonic acids

generally crystallize well, and their stability depends on the substituents on the benzene ring. 

Some form azo dyes that contain both arsonic acid and sulfonic acid groups, and are used in the

analysis of metals.

Aromatic Arsenobenzenes

Aromatic arseno compounds have amino or hydroxyl groups and are soluble in acids and

alkalis.  Aromatic arseno compounds will become soluble in water with the addition of a

formaldehyde sulfoxylate or formaldehyde hydrogen sulfite into the amino group.  

Organic Oxoarsenic Compounds (“Arsenic Oxides”)

The reduction of organoarsenic compounds can be controlled by using an appropriate

reducing agent so that reaction terminates at the preferred intermediate stage.  However, this does

not occur with oxidation.  In the most commonly used method for the production of organic

oxoarsenic compounds from arsonic acids, the acid is directly reduced to the anhydride of the

arsonous acid with SO . 2

Organic oxoarsenic compounds are the anhydrides of the arsonous acids.  They are

extremely poisonous, amphoteric substances barely soluble in water.  When dissolved in acids

and alkalis, they form salts and can be precipitated from those solutions by carbon dioxide or

ammonium chloride.3
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3.2 Fate Of Arsenic

As previously stated, arsenic is ubiquitous, and is emitted naturally from many sources

(e.g., volcanoes, forest wild fires, erosion from mineral deposits).  However, the releases

originating from human activities (e.g., metal smelting, chemical production and use, coal

combustion, waste disposal, pesticide application) are the emissions that can cause substantial

environmental contamination.  The greatest environmental concentrations of arsenic have been

observed in air and soil around mining and smelter operations, whereas coal combustion

distributes arsenic to the air in much lower concentrations over a wider area.  A brief discussion

of the fate of arsenic upon being released to the air, water, and soil is provided below. 

3.2.1 Fate of Arsenic in Soil

The majority of soils naturally contain low levels of arsenic (1 to 5 ppm) but certain

industrial wastes and pesticide applications can increase concentrations.  Approximately

80 percent of the total amount of arsenic that is released to the environment from anthropogenic

activities is released to soil.   The major anthropogenic sources contributing to arsenic in soils6

include the application of pesticides and disposal of solid wastes from fossil fuel combustion and

industrial processes.  Organoarsenical pesticides (e.g., monosodium methanearsonate, disodium

methanearsonate) applied to soils are metabolized by soil bacteria to form alkylarsines and

arsenate.7,8

Land application of sewage sludge has proven to be another source of arsenic in soil. 

While arsenic has been observed in soil at various hazardous waste sites, it is not always obvious

that it was a result of the waste site or from natural causes. 

Regardless of the source or form of arsenical, arsenic will react with soil components. 

The predominant reaction is adsorption onto and reaction with hydrous iron and aluminum

oxides which coat soil particles.  Heavier soils with a higher clay content and hydrous oxide

content adsorb more arsenic than do lighter sandier soils with low clay content.   In addition,8

arsenicals react with ions in solution, such as iron, aluminum, calcium, and magnesium, but may
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also include manganese and lead.  Each ion detaches a part of the arsenical depending on the

solubility of the compound and the quantity of reactants present.  Hence, a soil may be saturated

relative to some compounds and not others.  The pH of the soil will affect the solubility of these

compounds; therefore, changing the soil pH may affect each arsenical’s solubility. 

There are two known types of oxidation that are responsible for transforming arsenicals

environmentally.  One type destroys the carbon/arsenic bond and is associated with microbial

activity, while the other type causes a change in oxidation state which may or may not be affected

by microbial activity.  Transformations of arsenic in soil are similar to those seen in aquatic

systems, with As  predominant in aerobic soils; As  in slightly reduced soils (e.g., temporarily+5     +3

flooded); and arsine, methylated arsenic, and elemental arsenic in very reduced conditions

(e.g., swamps and bogs).   Some arsenate may be reduced to arsenite under certain6,8

environmental conditions.  Arsenic in sediments or in flooded anaerobic soil may be reduced as a

function of reduction/oxidation potential.

3.2.2 Fate of Arsenic in Water

Arsenic can be found in surface water, groundwater, and finished drinking water

throughout the United States.  The majority of arsenic in natural water is a mixture of arsenate

and arsenite, with arsenate usually predominating.8

Arsenic is released to water in several ways, including natural weathering processes,

discharge from industrial facilities, and leaching from landfills, soil or urban runoff.  Once in

water, arsenic can go through a complex series of transformations, including oxidation-reduction

reactions, ligand exchange, and biotransformations.  The factors that most strongly influence the

transformations that arsenic will undergo are the oxidation-reduction potential (Eh), pH, metal

sulfide and sulfide ion concentrations, iron concentrations, temperature, salinity, and distribution

and composition of the biota.   Arsenate is usually the predominant form of arsenic in water,8

however, aquatic microorganisms may reduce the arsenate to arsenite and a variety of methylated

arsenicals.
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Once in water, the transport and partitioning of arsenic will depend upon its chemical

form as well as interactions with other materials present.  Any soluble forms will move with the

water, and can be carried long distances through rivers.  However, arsenic can also be adsorbed

from water onto sediments and soils, particularly clays, iron oxides, aluminum hydroxides,

manganese compounds, and organic material.   Once in sediments, arsenic can be released back8

into the water through chemical and biological interconversions of arsenic species.

3.2.3 Fate of Arsenic in Air

Arsenic can be released to air from natural sources (e.g., volcanoes and forest fires) and

from various industrial sources (e.g., coal combustion, smelter and mining activities) and

pesticide application.  Arsenic in air primarily exists in the form of particulate matter (mostly in

particles less than 2 µm in diameter) and is usually a mixture of arsenite and arsenate.  These

particles can be transported by wind and air currents until they are brought back to earth by wet

or dry deposition.  The residence time of arsenic bound to particulate depends on particle size

and meteorological conditions; however, a typical value is approximately 9 days.   As might be8

expected, levels of arsenic in air vary with distance from the source, height of the stack, and wind

speed.  In general, large cities have higher levels of arsenic air concentrations than smaller ones.

This is probably due to emissions from coal powered plants.  In addition, areas that are near

nonferrous metal smelters have reported extremely high arsenic air concentrations (up to

1.56x10  lb/ft ).-10 3 8

3.2.4 Fate of Arsenic in Plants and Food

Once arsenic enters the environment, it enters the food chain.  Bioconcentration of arsenic

occurs in aquatic organisms, mainly in algae and lower invertebrates.  Low levels of arsenic have

been measured in freshwater invertebrates and fish, while higher levels have been observed in

marine oysters.  Apparently, biomagnification in aquatic food chains is not significant, although

some fish and invertebrates have high levels of arsenic compounds.  
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Once arsenic is in the soil, it can be taken into plants via root uptake (plants can also

obtain arsenic through foliar absorption).  In general, the greater the amount of arsenic available

for uptake, the greater the amount that will be absorbed by a plant.  However, available arsenic is

not proportional to total arsenic.  A low (10 to 50 ppm) arsenic content in a sandy soil may be

more phytotoxic (i.e., available) than much higher levels (200 to 500 ppm) in a heavier clay soil

and, therefore, a plant grown on sandy soil will contain higher residue levels.8

3.3 Overview Of Production And Use

Commercial arsenic is primarily produced as a by-product in the smelting of nonferrous

metal ores containing gold, silver, lead, nickel, and cobalt.  In 1985, all United States domestic

production of arsenic ceased.

At the present time, approximately 17 countries (the U.S. is not included) recover arsenic

as arsenic trioxide from the smelting or roasting of nonferrous metal ores or concentrates. 

According to the U.S. Bureau of Mines, in 1993, the United States imported all of the arsenic it

required (almost 13,228 tons).  Table 3-7 presents U.S. import data for arsenicals from 1991

to 1993 by country.   About 97 percent was imported as arsenic trioxide, and approximately9

3 percent as metallic arsenic.   China, the world’s largest producer of both arsenic trioxide and9

metallic arsenic, sold large amounts of both commodities to the United States.   

Historically, arsenic was used in agricultural applications as an insecticide, herbicide, and

cotton desiccant.  However, with an increase in environmental awareness and a better

understanding of the toxicity of arsenic, most of the agricultural uses for arsenic were banned. 

Around 1975, the use of arsenic as a wood preservative began to grow and by 1990, 70 percent of

arsenic consumed in the United States was used by the wood preservative industry and

20 percent by the agricultural industry.   The primary use of arsenic in the United States today is10

in the manufacture of chemicals, with arsenic trioxide being the sole starting material.   Metallic3

arsenic has a limited demand but still finds use in electronic and semiconductor applications. 

The production and uses of both metallic arsenic and arsenic trioxide are presented below.
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TABLE 3-7.  U.S. IMPORTS FOR CONSUMPTION OF ARSENICALS, BY COUNTRY

Class Country 1993 Quantity (tons)

Arsenic trioxide Australia --

Belgium 747

Chile 6,670

China 12,908

Finland --

France 2,080

Germany 17

Ghana --

Hong Kong 1,813

Mexico 4,304

Philippines 1,267

South Africa, Republic of 132

Sweden --

Taiwan --

United Kingdom 19

Other 389

Total 30,346

Arsenic Metal Belgium --

Canada
a

China 762

Germany 12

Hong Kong 19

Japan 52

Philippines --

United Kingdom 1

Total 845b
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3.3.1 Metallic Arsenic

Metallic arsenic is mainly used in nonferrous alloys.  Small amounts (around 0.5 percent)

of arsenic are added to lead-antimony grid alloys used in lead-acid batteries to increase endurance

and corrosion resistance.  Additions of the same order (0.02 to 0.5 percent) to copper alloys raise

the recrystallization temperature and improve high temperature stability and corrosion resistance. 

Additions of arsenic (up to 2 percent) to lead in shot improve the sphericity of lead ammunition. 

While limited, there is a demand for high-purity arsenic (99.99 percent and greater) for use in the

semiconductor and electronics industry.  It is used in electronics together with gallium or indium

for producing light emitting diodes (LED), infrared detectors, and lasers.  High-purity metallic

arsenic is used in the production of photoreceptor alloys for xerographic plain paper copiers.   In1

the past (1974 to 1986), arsenic was supplied domestically by ASARCO, Inc., which shut down

its operation due to economic and environmental pressures.  The United States must now rely

upon imports from Japan, Canada, and the United Kingdom for its high purity metallic arsenic. 

Metallic arsenic may also be used in condensers, evaporators, ferrules, and heat exchanger and

distillation tubes.1

3.3.2 Arsenic Trioxide

Arsenic trioxide is easily volatilized during the smelting of copper and lead concentrates,

and is therefore concentrated with the flue dust.   Most of this raw material originates from1

copper smelters, although some also comes from lead, cobalt, and other smelters.  Crude flue

dust may contain up to 30 percent arsenic trioxide, the balance being oxides of copper or lead,

and other metals such as antimony.  This crude flue dust is subsequently upgraded by mixing

with a small quantity of pyrite or galena and roasting.  Pyrite and galena are added to prevent

arsenites from forming during roasting.   During roasting, the gases and vapors are allowed to1

pass through a cooling flue which consists of a series of brick chambers or rooms called kitchens. 

The arsenic vapor which condenses in these chambers is of varying purity (from 90 to

95 percent).   Higher purity products can be obtained by resubliming the crude trioxide, an1

operation typically carried out in a reverberatory furnace.
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Since arsenic trioxide is a by-product, production is not based on the demand for arsenic

but by the demand for copper, lead, etc.   The biggest consumers of arsenic trioxide are the3

United States, Malaysia and the United Kingdom.   Until the late 1980s, the United States was3

the main supplier of arsenic trioxide for domestic use.  Now it must rely entirely on imports.  

Most arsenic is used in the form of compounds with arsenic trioxide as the sole starting

material.  Arsenic trioxide is the primary commodity of commerce from which a number of

important chemicals are manufactured.  

Refined arsenic trioxide, once used as a decolorizer and fining agent in the manufacturing

of bottleglass and other types of glassware, is being replaced by arsenic acid for environmental

reasons.  Arsenic acid is used in the preparation of wood preservative salts, primarily chrome

copper arsenate.  Arsenilic acid is used as a feed additive for poultry and swine.  Sodium arsenite

is useful for cattle and sheep dips.
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SECTION 4.0

EMISSIONS OF ARSENIC AND ARSENIC COMPOUNDS FROM

COMBUSTION SOURCES

This section contains process descriptions, available emission factor data, and source

locations for source categories that emit arsenic and arsenic compounds during combustion. 

These source categories include fuel combustion in stationary external combustion, incineration

of various types of waste, including municipal waste, sewage sludge, medical waste, hazardous

waste, as well as internal combustion, kraft pulping lime kilns, and crematories.

There are few emission controls that are dedicated solely to reducing arsenic emissions

from combustion sources.  However, the control strategies used to reduce particulate matter (PM)

in general have been found to be effective in controlling arsenic emissions in particulate form. 

Where a specific emission control strategy has been identified to reduce arsenic emissions from a

particular combustion source discussed in this section, that control strategy is discussed as part of

the process description for that source.  In many cases throughout this section, emission factor

data are provided for both controlled and uncontrolled combustion units that are typically found

in a particular source category.

4.1 Stationary External Combustion

The combustion of solid, liquid, and gaseous fuels such as coal, wood, fuel oil, and

natural gas has been shown to be a source of arsenic emissions.  Arsenic emission rates depend

on both fuel characteristics and combustion process characteristics.  Emissions of arsenic

originate from arsenic compounds contained in fuels and emitted during combustion.   Because1,2

metals such as arsenic only change forms (chemical and physical states) and are never destroyed

during combustion, the amount of arsenic in the original fuel or waste will be the amount of
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arsenic found in the ash or emitted from stacks controlled by air pollution control devices

(APCDs).3,4

Arsenic concentration in coal depends on the type of coal.  Some specific arsenic

concentrations in coal are as follows:  anthracite coal contains approximately 8 ppm arsenic;

bituminous coal contains 20 ppm arsenic; subbituminous coal contains 6 ppm arsenic; and lignite

coal contains 23 ppm arsenic.5

Arsenic and arsenic compound emissions may be reduced from combustion sources by

using PM control devices and lower combustion and APCD temperatures.  These arsenic

reduction techniques are discussed briefly below.

In general, use of PM control devices in combustion/air pollution control systems can be

viewed as a surrogate for controlling emissions of arsenic and other metals.   The most effective4

means of controlling arsenic emissions to the atmosphere are:  (1) minimizing arsenic

vaporization in the combustion zone and (2) maximizing small particle collection in the APCD. 

Arsenic compounds, like many heavy metal compounds, vaporize at elevated temperatures and,

as temperatures drop, only a fraction of the vaporized metal condenses.  The remaining vaporized

metal can escape through the PM APCD uncontrolled.

During the combustion process, many trace metals (including arsenic) volatilize and then,

upon cooling, condense on all available particulate surface area.  These submicrometer particles

with very high surface areas can carry a very high concentration of condensed metal.  This

phenomenon is known as “fine particle enrichment.”  There are three general factors favoring

fine particle enrichment of metals:4

& Small particle size;

& Large number of particles; and

& Low flue gas temperatures.
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There is some evidence that fine particle enrichment of metals on PM is not as prevalent

at higher flue gas temperatures.  It is believed that as long as the flue gas temperatures remain

high, the metals tend to remain volatized, such that they do not condense and bond with PM.4

The primary stationary combustion sources emitting arsenic compounds are boilers,

furnaces, heaters, stoves, and fireplaces used to generate heat and/or power in the residential,

utility, industrial, and commercial use sectors.  A description of combustion sources, typical

emission control equipment, and arsenic emission factors for each of these major use sectors is

provided in the sections that follow.

4.1.1 Process Descriptions for Utility, Industrial, and Commercial Fuel Combustion

Utility Sector

Utility boilers burn coal, oil, natural gas, and wood to generate steam for electricity

generation.  Fossil fuel-fired utility boilers comprise about 72 percent (or 497,000 megawatts

[MW]) of the generating capacity of U.S. electric power plants.  Of these fuels, coal is the most

widely used, accounting for approximately 60 percent of the U.S. fossil fuel-powered electricity

generating capacity.  Natural gas represents about 25 percent and oil represents the remaining

15 percent.6

A utility boiler consists of several major subassemblies, as shown in Figure 4-1.   These6

subassemblies include the fuel preparation system, air supply system, burners, the furnace, and

the convective heat transfer system.  The fuel preparation system, air supply, and burners are

primarily involved in converting fuel into thermal energy in the form of hot combustion gases. 

The last two subassemblies transfer the thermal energy in the combustion gases to the

superheated steam that operates the steam turbine and produces electricity.6

Utility boilers are generally identified by their furnace configuration.  Different furnace

configurations used in utility boilers include tangentially-fired, wall-fired, cyclone-fired, 
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stoker-fired, and fluidized bed combustion (FBC) boilers.  Some of these furnace configurations

are designed primarily for coal combustion, while others are also used for oil or natural gas

combustion.  The furnace types most commonly used for firing oil and natural gas are the

tangentially-fired and wall-fired boiler designs.   Each of these furnace types is described below.7

Tangentially-fired Boiler--The tangentially-fired boiler is based on the concept of a single

flame zone within the furnace.  The fuel-air mixture in a tangentially-fired boiler projects from

the four corners of the furnace along a line tangential to an imaginary cylinder located along the

furnace centerline.  When coal is used as the fuel, the coal is pulverized in a mill to the

consistency of talcum powder (i.e., so that at least 70 percent of the particles will pass through a

200 mesh sieve), entrained in primary air, and fired in suspension.   As fuel and air are fed to the8

burners, a rotating “fireball” is formed.  By tilting the fuel-air nozzle assembly, this “fireball” can

be moved up and down to control the furnace exit gas temperature and to provide steam

temperature control during variations in load.  Tangentially-fired boilers commonly burn

pulverized coal.  However, oil or gas may also be burned.6

Wall-fired Boiler--The wall-fired boiler, or normal-fired boiler, is characterized by

multiple, individual burners located on a single wall or on opposing walls of the furnace

(Figure 4-2).   As with tangentially-fired boilers, when coal is used as the fuel it is pulverized,6

entrained in primary air, and fired in suspension.  In contrast to tangentially-fired boilers that

produce a single flame zone, each of the burners in a wall-fired boiler has a relatively distinct

flame zone.  Various wall-fired boiler types exist, including single-wall, opposed-wall, cell,

vertical, arch, and turbo.  Wall-fired boilers may burn pulverized coal, oil, or natural gas.6

Cyclone-fired Boiler--In the cyclone-fired boiler, fuel and air are burned in horizontal,

cylindrical chambers, producing a spinning, high-temperature flame.  Cyclone-fired boilers are

almost exclusively crushed coal-fired.  The coal is crushed to a 4-mesh size and admitted with

the primary air in a tangential fashion.  The finer coal particles are burned in suspension, while

the coarser particles are thrown to the walls by centrifugal force.   Some units are also able to fire7

oil and natural gas.6
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Fluidized Bed Combustion Boiler--Fluidized bed combustion is a newer boiler

technology that is not as widely used as the other, more conventional boiler types.  In a typical

FBC, crushed coal in combination with inert material (sand, silica, alumina, or ash) and/or

sorbent (limestone) are maintained in a highly turbulent suspended state by the upward flow of

primary air (Figure 4-3).  This fluidized state promotes uniform and efficient combustion at

lower furnace temperatures, between 1,575 and 1,650(F, compared to 2,500 and 2,800(F for

conventional coal-fired boilers.  Fluidized bed combustors have been developed to operate at

both atmospheric and pressurized conditions.6

Stoker-fired Boiler--Instead of firing coal in suspension as in the boilers described above,

the mechanical stoker can be used to burn coal in fuel beds.  Mechanical stokers are designed to

feed coal onto a grate within the furnace.  The most common stoker type used in the utility

industry is the spreader stoker (Figure 4-4).   In the spreader stoker, a flipping mechanism throws6

crushed coal into the furnace and onto a moving fuel bed (grate).  Combustion occurs partly in

suspension and partly on the grate.8

Emission Control Techniques--Utility boilers are highly efficient and among the best

controlled of all combustion sources.  Existing emission regulations for total PM have

necessitated controls on coal- and oil-fired utility sources.  Emission controls are not required on

natural gas boilers because, relative to coal and oil units, uncontrolled emissions are inherently

low.   Baghouses, electrostatic precipitators (ESPs), wet scrubbers, and multicyclones have been9

used to control PM in the utility sector.  As described in other source category sections, arsenic

condenses on PM, which is easily controlled by PM control technologies.  Particulate arsenic,

specifically fine particulate, is controlled most effectively by baghouses or ESPs.  Depending on

their design, wet scrubbers are potentially effective in controlling particulate arsenic. 

Multicyclones are less effective at capturing fine particles of arsenic and, therefore, are a poor

control system for arsenic emissions.10

A more recently applied SO  control technique for utility boilers is spray drying.  In this2

process, the gas stream is cooled in the spray dryer, but it remains above the saturation

temperature.  A fabric filter or an ESP is located downstream of the spray dryer, thus controlling
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both particulate and vapor-phase arsenic compounds that condense before they reach the

baghouse or ESP.9,10

Industrial/Commercial Sector

Industrial boilers are widely used in manufacturing, processing, mining, and refining,

primarily to generate process steam, electricity, or space heat at the facility.  Only a limited

amount of electricity is generated by the industrial sector; only 10 to 15 percent of industrial

boiler coal consumption and 5 to 10 percent of industrial boiler natural gas and oil consumption

are used for electricity generation.   Commercial boilers are used to provide space heating for11

commercial establishments, medical institutions, and educational institutions.

Industrial boiler use is concentrated in four major industries:  paper products, chemical

products, food, and petroleum.  The most commonly used fuels include natural gas, distillate and

residual fuel oils, and coal in both crushed and pulverized form.11,12,13

Other fuels burned in industrial boilers are wood wastes, liquified petroleum gas, and

kerosene.  Wood waste is the only non-fossil fuel discussed here since few arsenic emissions are

attributed to the combustion of liquified petroleum gas and kerosene.  The burning of wood

waste in boilers is confined to those industries where it is available as a by-product.  It is burned

both to obtain heat energy and to alleviate possible solid waste disposal problems.  Generally,

bark is the major type of wood waste burned in pulp mills.  In the lumber, furniture, and plywood

industries, either a mixture of wood and bark, or wood alone, is frequently burned.  As of 1980,

the most recent data identified, there were approximately 1,600 wood-fired boilers operating in

the United States with a total capacity of over 100,000 million Btu/hr (30,000 MW thermal).12

Many of the same boiler types used in the utility sector are also used in the

industrial/commercial sector; however, the average size boiler used in the industrial/ commercial

sector is substantially smaller than the average size boiler used in the utility sector.  In addition, a

few boiler designs are used only by the industrial/commercial sector.  For a general description of
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the major subassemblies and key thermal processes that occur in boilers, refer to Figures 4-1 to

4-4 in the section on Utility Sector Process Description and the accompanying discussion.

Stoker-Fired Boiler--Instead of firing coal in suspension (like the boilers described in the

Utility Sector Process Description section), mechanical stokers can be used to burn coal in fuel

beds.  All mechanical stokers are designed to feed coal onto a grate within the furnace.  The most

common stoker types in the industrial/commercial sector are overfeed and underfeed stokers.  In

overfeed stokers, crushed coal is fed from an adjustable grate above onto a traveling or vibrating

grate below.  The crushed coal burns on the fuel bed as it progresses through the furnace. 

Conversely, in underfeed stokers, crushed coal is forced upward onto the fuel bed from below by

mechanical rams or screw conveyors.6,8

Water-tube Boilers--In water-tube boilers, water is heated as it flows through tubes

surrounded by circulating hot gases.  These boilers represent the majority (i.e., 57 percent) of

industrial and commercial boiler capacity (70 percent of industrial boiler capacity).   Water-tube11

boilers are used in a variety of applications, from supplying large amounts of process steam to

providing space heat for industrial and commercial facilities.  These boilers have capacities

ranging from 9.9 to 1,494 million Btu/hr (2.9 to 439.5 MW thermal), averaging about

408 million Btu/hr (120 MW thermal).  The most common types of water-tube boilers used in the

industrial/commercial sector are wall-fired and stoker-fired boilers.  Tangentially-fired and FBC

boilers are less commonly used.   Refer to Figures 4-1 to 4-4 and the accompanying discussion13

in the section on Utility Sector Process Description for more detail on these boiler designs.  

Fire-tube and Cast Iron Boilers--Two other heat transfer methods used in the

industrial/commercial sector are fire-tube and cast iron boilers.  In fire-tube boilers, hot gas flows

through tubes that are surrounded by circulating water.  Fire-tube boilers are not available with

capacities as large as water-tube boilers, but they are also used to produce process steam and

space heat.  Most fire-tube boilers have a capacity between 1.4 and 25 million Btu/hr (0.4 to

7.3 MW thermal).  Most installed fire-tube boilers burn oil or gas and are used primarily in

commercial/institutional applications.13
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In cast iron boilers, the hot gas is also contained inside the tubes that are surrounded by

the water being heated, but the units are constructed of cast iron instead of steel.  Cast iron

boilers are limited in size and are used only to supply space heat.  Cast iron boilers range in size

from less than 0.34 to 9.9 million Btu/hr.13

Wood Waste Boilers--The burning of wood waste in boilers is primarily confined to those

industries where it is available as a by-product.  Wood is burned both to obtain heat energy and

to alleviate solid waste disposal problems.  Wood waste may include large pieces such as slabs,

logs, and bark strips as well as cuttings, shavings, pellets, and sawdust.12

Various boiler firing configurations are used to burn wood waste.  One configuration that

is common in smaller operations is the dutch oven or extension-type of furnace with a flat grate. 

This unit is used widely because it can burn very high-moisture fuels.  Fuel is fed into the oven

through apertures in a firebox and is fired in a cone-shaped pile on a flat grate.  The burning is

accomplished in two stages:  (1) drying and gasification, and (2) combustion of gaseous products. 

The first stage takes place in a cell separated from the boiler section by a bridge wall.  The

combustion stage takes place in the main boiler section.12

In another type of boiler, the fuel-cell oven, fuel is dropped onto suspended fixed grates

and is fired in a pile.  The fuel cell uses combustion air preheating and positioning of secondary

and tertiary air injection ports to improve boiler efficiency.12

In many large operations, more conventional boilers have been modified to burn wood

waste.  These modified units may include spreader stokers with traveling grates or vibrating grate

stokers, as well as tangentially-fired or cyclone-fired boilers.  Refer to Figures 4-1 to 4-4 and the

accompanying discussion in the section on Utility Sector Process Description for more detail on

these types of boilers.  The spreader stoker, which can burn dry or wet wood, is the most widely

used of these configurations.  Fuel is dropped in front of an air jet that casts the fuel out over a

moving grate.  The burning is carried out in three stages:  (1) drying, (2) distillation and burning

of volatile matter, and (3) burning of fixed carbon.  These operations often fire natural gas or oil
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as auxiliary fuel.  Firing an auxiliary fuel helps to maintain constant steam when the wood supply

fluctuates or to provide more steam than can be generated from the wood supply alone.12

Sander dust is often burned in various boiler types at plywood, particle board, and

furniture plants.  Sander dust contains fine wood particles with a moisture content of less than

20 percent by weight.  The dust is fired in a flaming horizontal torch, usually with natural gas as

an ignition aid or as a supplementary fuel.12

A recent development in wood-firing is the FBC (refer to Figures 4-1 to 4-4 and the

accompanying discussion in Utility Sector Process Description for more detail on this boiler

type).  Because of the large thermal mass represented by the hot inert bed particles, FBCs can

handle fuels with high moisture content (up to 70 percent, total basis).  Fluidized bed combustors

can also handle dirty fuels (up to 30 percent inert material).  Wood material is pyrolyzed faster in

a fluidized bed than on a grate due to its immediate contact with hot bed material.12

The composition of wood waste is expected to have an impact on arsenic emissions.  The

composition of wood waste depends largely on the industry from which it originates.  Wood

waste fuel can contain demolition debris like plastics, paint, creosote-treated wood, glues,

synthetics, wire, cable, insulation, and so forth, which are potential sources of arsenic emissions. 

Pulping operations, for example, produce great quantities of bark along with sand and other

noncombustibles.  In addition, when fossil fuels are co-fired with wood waste, there is potential

for additional arsenic emissions from the arsenic content of the fossil fuel.14

Waste Oil Combustion--Waste oil is another type of fuel that is burned primarily in small

industrial/commercial boilers and space heaters.  Space heaters (small combustion units generally

less than 250,000 Btu/hr heat input) are common in automobile service stations and automotive

repair shops where supplies of waste crankcase oil are available.   Waste oil includes used15

crankcase oils from automobiles and trucks, used industrial lubricating oils (such as metal

working oils), and other used industrial oils (such as heat transfer fluids).  Due to a breakdown of

the physical properties of these oils and contamination by other materials, these oils are

considered waste oils when they are discarded.   16
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The Federal government has developed regulations for waste oil fuel under the Resource

Conservation and Recovery Act (RCRA).  The EPA has determined that as long as used oil is

recycled (which includes burning it for energy recovery as well as re-refining it or other

processes), it is not considered a hazardous waste under RCRA.   However, if a facility does17

burn used oil, that facility is subject to certain requirements under RCRA.  

EPA has established two categories of waste fuel: “on-specification” and

“off-specification.”  If the arsenic levels of the waste oil are 5 ppm or less, the waste oil is

classified as “on-specification;” if the arsenic levels are greater than 5 ppm, the waste oil is

classified as “off-specification”.18

If a facility is burning “on-specification” waste oil for energy recovery, that facility is

only subject to certain reporting and recordkeeping requirements.   If a facility burns the waste18

oil in a space heater with heat input capacity less than 0.5 million Btu/hr and vents the exhaust to

the ambient air, then that facility is not subject to any requirements.19

A facility burning “off-specification” waste oil for energy recovery must comply with

additional requirements, including verification to EPA that the combusted oil was not mixed with

other hazardous wastes.20

Boilers designed to burn No. 6 (residual) fuel oils or one of the distillate fuel oils can be

used to burn waste oil, with or without modifications for optimizing combustion.  As an

alternative to boiler modification, the properties of waste oil can be modified by blending it with

fuel oil to the extent required to achieve a clean-burning fuel mixture. 

Coal Combustion--A very small amount of coal is used in the industrial/ commercial

sector.  Coal accounts for only 18 percent of the total firing capacity of fossil fuel used.  The

majority of coal combustion occurs in the utility sector.  Refer to Figures 4-1 to 4-4 and the

accompanying discussion in Utility Sector Process Description for more detail about these boiler

types.
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Emission Control Techniques--The amount of arsenic emissions from industrial/

commercial boilers depends primarily on two factors:  (1) the type of fuel burned, and (2) the

type of boiler used.  The secondary influences on arsenic emissions are the operating conditions

of the boiler and the APCD used.

Emission controls for industrial boilers and their effectiveness in reducing arsenic

emissions are very similar to those previously described for utility boilers.  PM control in the

industrial sector is achieved with baghouses, ESPs, wet scrubbers, and multicyclones. 

PM emissions from oil-fired industrial boilers generally are not controlled under existing

regulations because emission rates are low.  Some areas may limit SO  emissions from oil-firing2

by specifying the use of lower-sulfur-content oils.  Natural gas-fired industrial boilers are also

generally uncontrolled because of very low emissions.9, 10

Wood-fired industrial boilers are typically controlled by multicyclones followed by

venturi or impingement-type wet scrubbers for PM control.  Some wood-fired boilers use ESPs

for PM control.  The effect of both control systems on arsenic emissions reduction is estimated to

be similar to that obtained at coal-fired units using the same technology (i.e., potentially good

PM and vaporous arsenic control with scrubbers, and effective PM arsenic control but no

vaporous arsenic control with ESPs).9,10

4.1.2 Emission Factors for Utility, Industrial, and Commercial Fuel Combustion

Extensive arsenic emissions data for utility, industrial, and commercial stationary external

combustion sources are available in the literature.  Because State and Federal air pollution

regulations often require emissions testing for toxic air pollutants, a significant current database

of arsenic emissions from these fuel combustion sources exists.
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Emission factors for utility, industrial, and commercial stationary external combustion

source categories, grouped according to the type of fuel burned, are presented in Tables 4-1 to

4-12 and discussed under the following subheadings:

& Wood waste combustion:

-- Utility boilers (Table 4-1),

-- Industrial boilers (Table 4-2),

-- Commercial/institutional boilers (Table 4-3);

& Coal combustion:

-- Utility boilers (Table 4-4),

-- Industrial boilers (Table 4-5),

-- Commercial/institutional boilers (Table 4-6);

& Oil combustion:

-- Utility boilers (Table 4-7),

-- Industrial boilers (Table 4-8),

-- Commercial/institutional boilers (Table 4-9);

& Waste oil combustion:

-- Industrial boilers (Table 4-10),

-- Commercial/institutional boilers (Table 4-11); and

& Solid waste combustion:

-- Utility boilers (Table 4-12).
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Wood Waste Combustion

Arsenic emission factors for wood waste combustion in utility, industrial, and

commercial boilers are presented in Tables 4-1, 4-2, and 4-3, respectively.  A general

uncontrolled emission factor in units of lb per ton of wood waste combusted on wet, as-fired

basis of 50 percent moisture and 4,500 Btu/lb is given in each table.  These emission factors are

widely applicable to all utility, industrial, and commercial wood waste combustion SCC

categories.   However, a wide range of boiler sizes, boiler and control device configurations, and6

fuel characteristics are reflected by these composite emission factors.  For this reason, if

site-specific information is available to characterize an individual combustion source more

accurately, it is recommended that the reader locate the appropriate process-specific emission

factor presented in the applicable table.

The average emission factors for utility wood waste-fired boilers are presented in

Table 4-1.   The emission factors represent a range of control configurations and wood waste12,21

compositions.12

Average emission factors for industrial wood waste-fired boilers are presented in

Table 4-2.   A portion of emission factors included are based on a comprehensive12,22,23,24,25,26,27

toxic air emission testing program in California.  The summarized results of the study were used

to obtain the average arsenic emission factors.  The emission factors represent a range of boiler

designs and capacities, control configurations, and wood waste compositions.  The study,

conducted by the Timber Association of California (TAC), tested boiler types with capacities

greater than 50,000 lb of steam per hour, including fuel cell, dutch oven, stoker, air injection, and

fluidized bed combustors.  The range of control devices represented in the sample set included

multiple cyclones, ESPs, and wet scrubbers.22,23,25

Wood waste-fired commercial/institutional boilers average emission factors are presented

in Table 4-3.   These emission factors represent uncontrolled configurations and a range of12

wood waste compositions.   Many of the same emission factors can be found in the utility and 12
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industrial wood waste-fired tables.  This duplication is expected because the same types of

boilers and waste composition are found in all three industry categories.

Coal Combustion

Arsenic emission factors for coal-fired utility boilers are presented in Table 4-4.  8,28,29

The table includes emission factors for anthracite, bituminous, subbituminous, and lignite

coal-firing boilers.

Arsenic emission factors for coal-fired industrial and commercial/institutional boilers are

listed in Tables 4-5  and 4-6,  respectively.  Control configurations include8,28,30,31  8,28,32

uncontrolled and single cyclone controlled.  

Oil Combustion

Emission factors for specific utility boiler and control device configurations are listed in

Table 4-7.   Sources include residual and distillate oil-fired boilers.  33,34,35

Arsenic emission factors for No. 6 oil-fired and distillate oil-fired industrial boilers are

presented in Table 4-8.   The data used in factor development came from the testing of33

uncontrolled units.

Arsenic emission factors for oil-fired commercial/institutional boilers are listed in

Table 4-9.   33

Arsenic emission factors for industrial and commercial/institutional waste oil combustion

are shown in Tables 4-10 and 4-11, respectively.   Emission factors are available for small15

boilers and two basic types of uncontrolled space heaters:  a vaporizing pot-type burner and an

air atomizing burner.  The use of both blended and unblended fuels are reflected in these

factors.15
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Solid Waste Combustion

Arsenic emission factors for solid-waste fired utility boilers are presented in Table 4-12.  36

The only control configuration represented is an ESP.  Additional data regarding emissions from

combustion of refuse derived fuel may be available from the Electric Power Research Institute

(phone 415-855-2000) in Report No. TR104614.

4.1.3 Source Locations

Fuel economics and environmental regulations affect regional use patterns for

combustion sources.  Most of the U.S. utility coal-firing capability is east of the Mississippi

River, with the significant remainder being in the Rocky Mountain region.  Natural gas is used

primarily in the South Central States and California.  Oil is predominantly used in Florida and the

Northeast.  Information on precise utility plant locations can be obtained by contacting utility

trade associations, such as the Electric Power Research Institute in Palo Alto, California, the

Edison Electric Institute in Washington, D.C. (202-828-7400), or the U.S. Department of Energy

(DOE) in Washington, D.C.  Publications by EPA and DOE on the utility industry are useful in

determining specific facility locations, sizes, and fuel use.

Industrial and commercial coal combustion sources are located throughout the United

States, but tend to be concentrated in areas of industry and larger population.  Most of the

coal-fired industrial boiler sources are located in the Midwest, Appalachian, and Southeast

regions.  Industrial wood-fired boilers tend to be located almost exclusively at pulp and paper,

lumber products, and furniture industry facilities.  These industries are concentrated in the

Southeast, Gulf Coast, Appalachian, and Pacific Northwest regions.  Trade associations such as

the American Boiler Manufacturers Association in Arlington, Virginia (703-522-7350) and the

Council of Industrial Boiler Owners in Fairfax Station, Virginia (703-250-9042) can provide

information on industrial boiler locations and trends.37,38
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4.2 Hazardous Waste Incineration

Hazardous waste, as defined by RCRA in 40 CFR Part 261,  includes a wide variety of17

waste materials.  Hazardous wastes are produced in the form of liquids (e.g., waste oils, 

halogenated and nonhalogenated solvents, other organic liquids, and pesticides/herbicides) and

sludges and solids (e.g., halogenated and nonhalogenated sludges and solids, dye and paint

sludges, resins, and latex).  The arsenic content of hazardous waste varies widely, but arsenic

could be emitted from the incineration of any of these types of hazardous waste.  Based on a

1986 study, total annual hazardous waste generation in the United States was approximately

292 million tons.   Only a small fraction of the waste (less than 1 percent) was incinerated.  In39

addition, the U.S. EPA has scheduled rulemaking to develop MACT standards for hazardous

waste combustors and cement kilns.  The proposed standard should reduce arsenic emissions 

and is scheduled to be promulgated no later than 2000.

Based on an EPA study conducted in 1983, the major types of hazardous waste streams

incinerated were spent nonhalogenated solvents and corrosive and reactive wastes contaminated

with organics.  Together, these accounted for 44 percent of the waste incinerated.  Other

prominent wastes included hydrocyanic acid, acrylonitrile bottoms, and nonlisted ignitable

wastes.40

Industrial kilns, boilers, and furnaces are used to burn hazardous waste.  They use the

hazardous waste as fuel to produce commercial products such as cement, lime, iron, asphalt, or

steam.  In fact, the majority of hazardous waste generated in the United States is currently

disposed of in cement kilns.  Hazardous waste, which is an alternative to fossil fuels for energy

and heat, is used at certain commercial facilities as a supplemental fuel.  In the process of

producing energy and heat, the hazardous wastes are subjected to high temperatures for a

sufficient time to volatilize metals in the waste.
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4.2.1 Process Description

Hazardous waste incineration employs oxidation at high temperatures (usually 1,650(F or

greater) to destroy the organic fraction of the waste and reduce volume.  A diagram of the typical

process component options in a hazardous waste incineration facility is provided in Figure 4-5.  39

The diagram shows the major subsystems that may be incorporated into a hazardous waste 

incineration system:  waste preparation and feeding, combustion chamber(s), air pollution

control, and residue/ash handling.

Five types of hazardous waste incinerators are currently available and in operation:  liquid

injection, rotary kiln, fixed-hearth, fluidized-bed, and fume injection.   Additionally, a few other41

technologies have been used for incineration of hazardous waste, including ocean incineration

vessels and mobile incinerators.  These latter processes are not in widespread use in the United

States and are not discussed below.

Liquid Injection Incinerators

Liquid injection combustion chambers are used for pumpable liquid waste, including

some low-viscosity sludges and slurries.  Liquid injection units are usually simple,

refractory-lined cylinders (either horizontally or vertically aligned) equipped with one or more

waste burners.  The typical capacity of liquid injection units is about 8 to 28 million Btu/hour.

Figure 4-6 presents a schematic diagram of a typical liquid injection unit.39,41

Rotary Kiln Incinerators

Rotary kiln incinerators are used for destruction of solid wastes, slurries, containerized

waste, and liquids.  Because of their versatility, these units are most frequently used by

commercial off-site incineration facilities.  Rotary kiln incinerators generally consist of two

combustion chambers:  a rotating kiln and an afterburner.  The rotary kiln is a cylindrical

refractory-lined shell mounted on a slight incline.  The primary function of the kiln is to convert

solid wastes to gases, which occurs through a series of volatilization, destructive distillation, and
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Figure 4-5.  Typical Process Component Options in a Hazardous Waste Incineration Facility

Source:  Reference 39. 
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Figure 4-6.  Typical Liquid Injection Combustion Chamber
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partial combustion reactions.  The typical capacity of these units is about 10 to 60 million

Btu/hour.  

Figure 4-7  presents a schematic diagram of a typical rotary kiln unit.   An afterburner is39

connected directly to the discharge end of the kiln.  The afterburner is used to ensure complete

combustion of flue gases before their treatment for air pollutants.  A tertiary combustion chamber

may be added if needed.  The afterburner itself may be horizontally or vertically aligned, and

functions on much the same principles as the liquid injection unit described above.  Both the

afterburner and the kiln are usually equipped with an auxiliary fuel-firing system to control the

operating temperature.

Fixed-Hearth Incinerators

Fixed-hearth incinerators (also called controlled-air, starved-air, or pyrolytic incinerators)

are the third major technology used for hazardous waste incineration.   Figure 4-8 presents a39

schematic diagram of a typical fixed-hearth unit.   This type of incinerator may be used for39,41

the destruction of solid, sludge, and liquid wastes.  Fixed-hearth units tend to be of smaller

capacity (typically 5 million Btu/hour) than liquid injection or rotary kiln incinerators because of

physical limitations in ram feeding and transporting large amounts of waste materials through the

combustion chamber.

Fixed-hearth units consist of a two-stage combustion process similar to that of rotary

kilns.  Waste is ram-fed into the primary chamber and burned at about 50 to 80 percent of

stoichiometric air requirements.  This starved-air condition causes most of the volatile fraction to

be destroyed pyrolitically.  The resultant smoke and pyrolysis products pass to the secondary

chamber, where additional air and, in some cases, supplemental fuel, is injected to complete the

combustion.39
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Figure 4-8.  Typical Fixed-Hearth Combustion Chamber

Source:  Reference 39.
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Fluidized-Bed Incinerators

Fluidized-bed incinerators (combustors), which are described in Section 4.4.1 of this

report, have only recently been applied to hazardous waste incineration.  FBCs used to dispose of

hazardous waste are very similar to those used to incinerate sewage sludge except for their

additional capability of handling liquid wastes.

FBCs are suitable for disposing of combustible solids, liquids, and gaseous wastes.  They

are not suited for irregular or bulky wastes, tarry solids, or other wastes that leave residues in the

bed.   Fluidized-bed combustion chambers consist of a single refractory-lined combustion42

vessel partially filled with inert granular material (e.g., particles of sand, alumina, and sodium

carbonate).   The typical capacity of this type of incinerator is 45 million Btu/hour.39

Fume Injection Incinerators

Fume injection incinerators are used exclusively to destroy gaseous or fume wastes.  The

combustion chamber is comparable to that of a liquid-injection incinerator (Figure 4-6) in that it

usually has a single chamber, is vertically or horizontally aligned, and uses nozzles to inject the

waste into the chamber for combustion.  Waste gases are injected by pressure or atomization

through the burner nozzles.  Wastes may be combusted solely by thermal or catalytic oxidation.

Emission Control Techniques

The types of incinerators used for hazardous waste combustion are similar to the

incinerators used by the other combustion sources discussed earlier in this section.  However, the

components in the hazardous waste stream vary extensively.  The hazardous waste stream may

include a variety of liquid, solid, or sludge wastes considered hazardous by RCRA.  The

hazardous waste stream may also include wastes generated by a variety of sources (e.g., medical,

municipal, and sewage sludge).
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Controlling arsenic emissions is partly accomplished by monitoring the temperature of

the combustion bed.  Arsenic compounds vaporize at elevated temperatures.  The higher the

temperature, the larger the fraction of arsenic vaporized.  As the temperature drops, a fraction of

the arsenic condenses.  Collection of arsenic condensed on PM occurs in the APCD.43

4.2.2 Emission Factors

The composition of the hazardous waste varies tremendously in the hazardous waste

incineration industry, such that the arsenic content of the waste stream also varies widely.  The

arsenic content of the waste being combusted dictates whether or not significant arsenic

emissions occur.

One emission factor for arsenic is reported in Table 4-13.   Additional emission factor44

data are not readily available.  However, relevant test data may be available in Volume II of the

draft Technical Support Document for the Hazardous Waste Combustion Rule (February 1996). 

Also, emission factor data may be available in databases developed by trade associations or other

industry groups. 45

4.2.3 Source Location

Currently, 162 permitted or interim status incinerator facilities, having 190 units, are in

operation in the U.S.  Another 26 facilities are proposed (i.e., new facilities under construction or

permitting).  Of the above 162 facilities, 21 facilities are commercial facilities that burn about

700,000 tons of hazardous waste annually.  The remaining 141 are on-site or captive facilities

and burn approximately 800,000 tons of waste annually.
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4.3 Municipal Waste Combustion

4.3.1 Process Description

Municipal waste combustors (MWCs) burn garbage and other nonhazardous solid waste,

commonly called municipal solid waste (MSW).  Three main types of combustors are used to

combust MSW:  mass burn, refuse-derived fuel-fired (RDF), and modular.  Each type is

discussed below.

Mass Burn Combustors

In mass burn units, MSW is combusted without any preprocessing other than removal of

items too large to go through the feed system.  In a typical mass burn combustor, refuse is placed

on a grate that moves through the combustor.  Combustion air in excess of stoichiometric

amounts is supplied both below (underfire air) and above (overfire air) the grate.  Mass burn

combustors are erected at the site (as opposed to being prefabricated) and range in size from

50 to 1,000 tons/day of MSW throughput per unit.  Mass burn combustors can be divided into 

mass burn/waterwall (MB/WW), mass burn/rotary waterwall (MB/RC), and mass burn/refractory

wall (MB/REF) designs.

The walls of a MB/WW combustor are constructed of metal tubes that contain

pressurized water and recover radiant heat for production of steam and/or electricity.  A typical

MB/WW combustor is shown in Figure 4-9.  With the MB/RC combustor, a rotary combustion

chamber sits at a slight angle and rotates at about 10 revolutions per hour, causing the waste to

advance and tumble as it burns.  The combustion cylinder consists of alternating water tubes and

perforated steel plates.  Figure 4-10 illustrates a simplified process flow diagram for a MB/RC. 

MB/REF designs are older and typically do not include any heat recovery.  One type of MB/REF

combustor is shown in Figure 4-11.46
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Figure 4-9.  Typical Mass Burn Waterwall Combustor

Source:  Reference 46.
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Figure 4-10.  Simplified Process Flow Diagram, Gas Cycle for a Mass Burn/Rotary Waterwall Combustor

Source:  Reference 46. 



�
��
�

Figure 4-11.  Mass Burn Refractory-Wall Combustor with Grate/Rotary Kiln

Source:  Reference 46.
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RDF-Fired Combustors

RDF-fired combustors burn processed waste that varies from shredded waste to finely

divided fuel suitable for co-firing with pulverized coal.  Combustor sizes range from 320 to

1,400 tons/day.  There are three major types of RDF-fired combustors:  dedicated RDF

combustors, which are designed to burn RDF as a primary fuel; coal/RDF co-fired combustors;

and fluidized-bed combustors (FBCs) where waste is combusted on a turbulent bed of limestone,

sand, silica or aluminum.  

A typical RDF-fired combustor is shown in Figure 4-12.   Waste processing usually46

consists of removing noncombustibles and shredding, which generally raises the heating value

and provides a more uniform fuel.  The type of RDF used depends on the boiler design.  Most

boilers designed to burn RDF use spreader stokers and fire fluff RDF in a semi-suspension mode 

Modular Combustors

Modular combustors are similar to mass burn combustors in that they burn waste that has

not been pre-processed, but they are typically shop-fabricated and generally range in size from

5 to 140 tons/day of MSW throughput.  One of the most common types of modular combustors is 

the starved-air or controlled-air type, which incorporates two combustion chambers.  A process

diagram of a typical modular starved-air (MOD/SA) combustor is presented in Figure 4-13.  46

Air is supplied to the primary chamber at sub-stoichiometric levels.  The incomplete combustion

products (CO and organic compounds) pass into the secondary combustion chamber, where

additional air is added and combustion is completed.  Another design is the modular excess air

(MOD/EA) combustor, which consists of two chambers, similar to MOD/SA units, but is

functionally like the mass burn unit in that it uses excess air in the primary chamber.

Emission Control Techniques

Arsenic is present in a variety of MSW streams, including paper, inks, batteries, and

metal cans.  Because of the wide variability in MSW composition, arsenic concentrations are
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Figure 4-12.  Typical RDF-Fired Spreader Stoker Boiler

Source:  Reference 46.  
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Figure 4-13.  Typical Modular Starved-Air Combustor with Transfer Rams

Source: Reference 46.
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highly variable and are independent of combustor type.  Because the vapor pressure of arsenic is

such that condensation occurs onto particulates in the flue gas, arsenic can be effectively

removed by a PM control device.46

Because arsenic is usually emitted from MWCs in particulate form, the control of arsenic

is most frequently accomplished through the use of an ESP or fabric filter (FF), which are

common PM control techniques.  Although other PM control technologies (e.g., cyclones,

electrified gravel beds, and venturi scrubbers) are available, they are not as effective as the ESP

or FF at removing PM and so are seldom used on existing systems.   Well-designed ESPs and46

FFs operated at 450(F or less remove over 97 percent of arsenic and other metals.47

The most common types of ESPs are plate-and-wire units, in which the discharge

electrode is a bottom-weighted or rigid wire, and flat plate units, which use flat plates rather than

wires as the discharge electrode.  As a general rule, the greater the amount of collection plate

area, the greater the PM collection efficiency.  After the charged particles are collected on the

grounded plates, the resulting dust layer is removed from the plates by rapping or washing, and

collected in a hopper.  As the dust layer is removed, some of the collected PM becomes

re-entrained in the flue gas.  To ensure good PM collection efficiency during plate cleaning and

electrical upsets, ESPs have several fields located in series along the direction of flue gas flow 

that can be energized and cleaned independently.  Particles re-entrained when the dust layer is

removed from one field can be recollected in a downstream field.  Because of this phenomenon,

increasing the number of fields generally improves PM removal efficiency.46

4.3.2 Emission Factors

Available arsenic emission factor data for several types of MWCs are provided in

Table 4-14.   The column labeled “Emission Source” identifies the main characteristics of each46

incinerator type.  For some types of incinerators, a range of factors is provided that represents

different sample test runs of the same source.  Generally, there is a wide range in the emission

factors associated with MWCs.  This range is attributable to the variability of waste compositions

and to the operating practices and effectiveness of control devices.   Waste composition can48
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differ from one MWC unit to another, especially where the permit specifications for the accepted

waste are different.  Because of this variability, the factors shown in Table 4-14 must be used

cautiously and may not be representative of other MWCs.  Also, emission factor data may be

available in databases developed by trade associations or other industry groups.45

4.3.3 Source Location

In 1997, there were 120 MWC plants operating in the United States with a total capacity

of approximately 111,000 tons/day of MSW.  Table 4-15 lists the geographical distribution of

MWC units and statewide capacities.49

4.4 Sewage Sludge Incinerators

4.4.1 Process Description

The first step in the process of sewage sludge incineration is dewatering the sludge. 

Sludge is generally dewatered until it is about 15 to 30 percent solids, at which point it will burn

without supplemental fuel.  After dewatering, the sludge is sent to the incinerator for combustion. 

The two main types of sewage sludge incinerators (SSIs) currently in use are the multiple-hearth

furnace (MHF) and the fluidized-bed combustor (FBC).  Over 80 percent of the identified

operating SSIs are MHFs and about 15 percent are FBCs.  The remaining SSIs co-fire MSW with

sludge.50

Multiple-Hearth Furnaces

A cross-sectional diagram of a typical MHF is shown in Figure 4-14.   The basic MHF is50

a vertically oriented cylinder.  The outer shell is constructed of steel and lined with refractory

material and surrounds a series of horizontal refractory hearths.  A hollow cast iron rotating shaft

runs through the center of the hearths.  Cooling air is introduced into the shaft, which extends

above the hearths.  Attached to the central shaft are the rabble arms, which extend above the
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TABLE 4-15.  SUMMARY OF GEOGRAPHICAL DISTRIBUTION OF MWC 
FACILITIES (1997)
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Figure 4-14.  Typical Multiple-Hearth Furnace
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hearths.  Each rabble arm is equipped with a number of teeth approximately 6 inches in length

and spaced about 10 inches apart.  The teeth are shaped to rake the sludge in a spiral motion,

alternating in direction from the outside in to the inside out between hearths.  Burners, which

provide auxiliary heat, are located in the sidewalls of the hearths.

In most MHFs, partially dewatered sludge is fed onto the perimeter of the top hearth.  The

rabble arms move the sludge through the incinerator by raking the sludge toward the center shaft,

where it drops through holes located at the center of the hearth.  In the next hearth, the sludge is

raked in the opposite direction.  This process is repeated in all of the subsequent hearths.  The

effect of the rabble motion is to break up solid material to allow better surface contact with heat

and oxygen.  A sludge depth of about 1 inch is maintained in each hearth at the design sludge

flow rate.

Under normal operating conditions, 50 to 100 percent excess air must be added to an

MHF to ensure complete combustion of the sludge.  Besides enhancing contact between the fuel

and the oxygen in the furnace, these relatively high rates of excess air are necessary to

compensate for normal variations in both the organic characteristics of the sludge feed and the

rate at which it enters the incinerator.  When an inadequate amount of excess air is available, 

only partial oxidation of the carbon will occur, with a resultant increase in emissions of CO, soot,

and hydrocarbons.  Too much excess air, on the other hand, can cause increased entrainment of

particulate and unnecessarily high auxiliary fuel consumption.50

Fluidized-Bed Combustors

Figure 4-15 shows the cross-section diagram of an FBC.   FBCs consist of a vertically50

oriented outer shell constructed of steel and lined with refractory material.  Tuyeres (nozzles

designed to deliver blasts of air) are located at the base of the furnace within a refractory-lined

grid.  A bed of sand approximately 2.5 feet thick rests upon the grid.  Two general configurations

can be distinguished based on how the fluidizing air is injected into the furnace.  In the hot 
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windbox design, the combustion air is first preheated by passing it through a heat exchanger,

where heat is recovered from the hot flue gases.  Alternatively, ambient air can be injected

directly into the furnace from a cold windbox.

Partially dewatered sludge is fed into the lower portion of the furnace.  Air injected

through the tuyeres at a pressure of 3 to 5 pounds per square inch gauge simultaneously fluidizes

the bed of hot sand and the incoming sludge.  Temperatures of 1,400 to 1,700(F are maintained

in the bed.  As the sludge burns, fine ash particles are carried out of the top of the furnace.  Some

sand is also removed in the air stream and must be replaced at regular intervals.

Combustion of the sludge occurs in two zones.  Within the sand bed itself (the first zone),

evaporation of the water and pyrolysis of the organic materials occur nearly simultaneously as the

temperature of the sludge is rapidly raised.  In the freeboard area (the second zone), the

remaining free carbon and combustible gases are burned.  The second zone functions essentially

as an afterburner.

Fluidization achieves nearly ideal mixing between the sludge and the combustion air; the

turbulence facilitates the transfer of heat from the hot sand to the sludge.  An FBC improves the

burning atmosphere, such that a limited amount of excess air is required for complete

combustion of the sludge.  Typically, FBCs can achieve complete combustion with 20 to 

50 percent excess air, about half the excess air required by MHFs.  As a consequence, FBCs

generally have lower fuel requirements compared to MHFs.50

Emission Control Techniques

Certain conditions that affect the emission rates of arsenic in SSIs include:

& Sludge metal content;

& Operating bed temperature;

& Flow patterns leading to solids drop-out ahead of APCD; and
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& APCD control efficiency as a function of particle size.

Clearly, the quantity of arsenic in the feed sludge is the basic scalar of emissions.  Arsenic

in sludge arises from several sources, including industrial discharges (especially plating wastes),

corrosion of outtake plumbing materials, street runoff, and numerous lesser domestic and

industrial activities.  The arsenic content varies from day to day, reflecting a diversity of waste

types.

The temperature of the combustion environment influences the behavior of arsenic

emissions because of the following sequence of events during incineration:

1. At elevated temperatures, many heavy metal compounds (including arsenic)
vaporize.  The higher the temperature, the larger the fraction of metals that is
vaporized.  

2. As temperatures drop, a fraction of the metals condenses.  Condensation takes
place in proportion to available surface area.

3. Collection of the metals condensed on the PM occurs while passing through the
APCD system.43

Arsenic emissions may be reduced by using PM control devices and reducing incinerator

and APCD temperatures.  The types of existing SSI PM controls include low-pressure-drop spray

towers, wet cyclones, high-pressure-drop venturi scrubbers, and venturi/impingement tray

scrubber combinations.  A few ESPs and baghouses are employed, primarily where sludge is

co-fired with MSW.  The most widely used PM control device applied to an MHF is the

impingement tray scrubber.  Older units use the tray scrubber alone; combination

venturi/impingement tray scrubbers are widely applied to newer MHFs and some FBCs.50

4.4.2 Emission Factors

Table 4-16 presents arsenic emission factors for SSIs.   The factors presented cover50,51, 52

the two main incinerator types:  MHFs and FBCs.  Again, as the emission factor tables for the

other types of incinerators (previously discussed) show, PM type control technologies offer the 
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greatest efficiency for reducing arsenic emissions.  Specifically, the FF and the venturi scrubber

with impingement-type wet scrubber are the most effective control devices according to this set

of data.  Collection efficiencies for the control devices shown in Table 4-16 range from 80 to

greater than 99 percent.

4.4.3 Source Location

There are approximately 200 sewage sludge incineration plants operating in the United

States.   Most SSIs are located in the eastern United States, although there are a significant53

number on the West Coast.  New York has the largest number of facilities with 33; Pennsylvania

and Michigan have the next largest number with 21 and 19 sites, respectively.54

4.5 Medical Waste Incineration

Medical waste incinerators (MWIs) burn both infectious (“red bag” and pathological)

medical wastes and non-infectious general hospital wastes.  The primary purposes of MWIs are 

to (1) render the waste innocuous, (2) reduce the volume and mass of the waste, and (3) provide

waste-to-energy conversion.  

4.5.1 Process Description

Three main types of incinerators are used as MWIs:  controlled-air or starved-air,

excess-air, and rotary kiln.  The majority (>95 percent) of incinerators are controlled-air units.  A

small percentage (<2 percent) are excess-air, and less than 1 percent were identified as rotary

kiln.  The rotary kiln units tend to be larger and typically are equipped with air pollution control

devices.   Based on EPA’s 1995 inventory, twenty-six percent of all MWI’s are equipped with55

air pollution control devices.56
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Controlled-Air Incinerators

Controlled-air incineration is the most widely used MWI technology, and now dominates

the market for new systems at hospitals and similar medical facilities.  This technology is also

known as two-stage incineration or modular combustion.  Figure 4-16 presents a schematic

diagram of a typical controlled-air unit.55

Combustion of waste in controlled-air incinerators occurs in two stages.  In the first stage,

waste is fed into the primary, or lower, combustion chamber, which is operated with less than the

stoichiometric amount of air required for combustion.  Combustion air enters the primary

chamber from beneath the incinerator hearth (below the burning bed of waste).  This air is called

primary or underfire air.  In the primary (starved-air) chamber, the low air-to-fuel ratio dries and

facilitates volatilization of the waste and most of the residual carbon in the ash burns.  At these

conditions, combustion gas temperatures are relatively low (1,400 to 1,800(F).55

In the second stage, excess air is added to the volatile gases formed in the primary

chamber to complete combustion.  Secondary chamber temperatures are higher than primary

chamber temperatures--typically 1,800 to 2,000(F.  Depending upon the heating value and

moisture content of the waste, additional heat may be needed.  Additional heat can be provided

by auxiliary burners located at the entrance to the secondary (upper) chamber to maintain desired

temperatures.55

Waste feed capacities for controlled-air incinerators range from about 75 to 6,500 lb/hr

(at an assumed fuel heating value of 8,500 Btu/lb).  Waste feed and ash removal can be manual

or automatic, depending on the unit size and options purchased.  Throughput capacities for

lower-heating-value wastes may be higher because feed capacities are limited by primary

chamber heat release rates.  Heat release rates for controlled-air incinerators typically range from

about 15,000 to 25,000 Btu/hr-ft .3 55
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Excess-Air Incinerators

Excess-air incinerators are typically small, modular units.  They are also referred to as

batch incinerators, multiple-chamber incinerators, or “retort” incinerators.  Excess-air

incinerators are typically a compact cube with a series of internal chambers and baffles. 

Although they can be operated continuously, they are usually operated in batch mode.55

Figure 4-17 presents a schematic for an excess-air unit.   Typically, waste is manually55

fed into the combustion chamber.  The charging door is then closed, and an afterburner is ignited

to bring the secondary chamber to a target temperature (typically 1,600 to 1,800(F).  When the

target temperature is reached, the primary chamber burner ignites.  The waste is dried, ignited,

and combusted by heat provided by the primary chamber burner, as well as by radiant heat from

the chamber walls.  Moisture and volatile components in the waste are vaporized and pass (along

with combustion gases) out of the primary chamber and through a flame port that connects the

primary chamber to the secondary or mixing chamber.  Secondary air is added through the flame

port and is mixed with the volatile components in the secondary chamber.  Burners are also

installed in the secondary chamber to maintain adequate temperatures for combustion of volatile

gases.  Gases exiting the secondary chamber are directed to the incinerator stack or to an air

pollution control device.  After the chamber cools, ash is manually removed from the primary

chamber floor and a new charge of waste can be added.55

Incinerators designed to burn general hospital waste operate at excess air levels of up to

300 percent.  If only pathological wastes are combusted, excess air levels near 100 percent are

more common.  The lower excess air helps maintain higher chamber temperature when burning 

high-moisture waste.  Waste feed capacities for excess-air incinerators are usually 500 lb/hr or

less.55

Rotary Kiln Incinerators

Rotary kiln incinerators are also designed with a primary chamber, where the waste is

heated and volatilized, and a secondary chamber, where combustion of the volatile fraction is 
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Figure 4-17.  Excess-Air Incinerator
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completed.  The primary chamber consists of a slightly inclined, rotating kiln in which waste

materials migrate from the feed end to the ash discharge end.  The waste throughput rate is

controlled by adjusting the rate of kiln rotation and the angle of inclination.  Combustion air

enters the primary chamber through a port.  An auxiliary burner generally is used to start

combustion and maintain desired combustion temperatures.

Figure 4-18 presents a schematic diagram of a typical rotary kiln incinerator.  Volatiles

and combustion gases pass from the primary chamber to the secondary chamber.  The secondary

chamber operates at excess air.  Combustion of the volatiles is completed in the secondary

chamber.  Because of the turbulent motion of the waste in the primary chamber, solids burnout

rates and particulate entrainment in the flue gas are higher for rotary kiln incinerators than for

other incinerator designs.  As a result, rotary kiln incinerators generally have add-on gas-cleaning

devices.55

Emission Control Techniques

A majority of arsenic and other metal emissions are in the form of PM, and a minority is

in vapor form.  Particulate emissions of arsenic from the incineration of medical wastes are

determined by three major factors:

1. Suspension of noncombustible inorganic materials containing arsenic;

2. Incomplete combustion of combustible arsenic materials; and

3. Condensation of arsenic-based vaporous materials (these materials are mostly
inorganic matter).

Emissions of noncombustible materials result from the suspension or entrainment of ash

by the combustion air added to the primary chamber of an incinerator.  The more air that is

added, the more likely that noncombustibles become entrained.  Particulate emissions from

incomplete combustion of combustible materials result from improper combustion control of the

incinerator.  Condensation of vaporous materials results from noncombustible substances that 
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Figure 4-18.  Rotary Kiln Incinerator
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volatilize at primary combustion chamber temperatures with subsequent cooling in the flue gas. 

These materials usually condense on the surface of other fine particles.57

Typically, two strategies are used to minimize metals emissions:  (1) combustion control

in the primary chamber so as to reduce vaporization or entrainment of metals, and (2) capture of 

metals by use of an APCD.  Both of these strategies are discussed below.  The key APCD

parameters used are specific to the device that is used.

Combustion Control--Most MWIs are simple single-chamber units with an afterburner

located in the stack.  The ability of batch incinerators to control arsenic emissions is limited

because only the temperature in the stack is usually monitored.

Most new incinerators are starved-air units.  The primary chamber is designed to operate

at low temperatures and low gas flow rates.  This minimizes the amount of materials entrained or

vaporized.

To ensure that arsenic emissions are minimized, operators must maintain the primary

chamber at the temperatures and gas flow rates for which it was designed.  Usually the only

parameter that system operators can directly control is feed rate.  High feed rates can lead to high

temperatures and high gas velocities.  Thus, many operators carefully control the feed rate.  The

feed rate is reduced when primary temperatures increase.  Keeping the temperature low enables

the arsenic to condense on different sizes of particles, which are then easily trapped by PM

control devices.

APCD Control--When arsenic reaches the APCD, it is present in one of three forms. 

Non-volatile arsenic is present on large entrained particles.  Arsenic that has vaporized and

recondensed is usually enriched on fly-ash particles with diameters less than 1 micron.  Other 

arsenic may be present as vapor.   The majority of arsenic emissions are in the first two forms57

and are controlled by PM control devices.  Generally, particulate control is a surrogate for arsenic

control in an incinerator/air pollution control system.4



����

4.5.2 Emission Factors

The available arsenic emission factors for MWIs are presented in Table 4-17.  55,58,59

Also, emission factor data may be available in databases developed by trade associations or other

industry groups.   As with the other types of incinerators, waste composition is a critical factor45

in the amount of arsenic emitted.

The arsenic emission factors were developed from tests at facilities burning red bag

waste, pathological waste, and/or general hospital waste.  Red bag waste is defined as any waste

generated in the diagnosis or immunization of human beings or animals; pathological waste is

defined as any human and animal remains, tissues, and cultures; and general hospital waste was

defined as a mixture of red bag waste and municipal waste generated by the hospital.

As with other combustion sources, the presented emission factors are highly dependent

upon the composition of the waste.  For example, the difference in the emission factors presented

in Table 4-17 for both a high efficiency and medium efficiency wet scrubber with a fabric filter

applied to an MWI is expected to be more a function of the arsenic content of the waste burned

rather than scrubber efficiency.

4.5.3 Source Location

There are an estimated 2,400 MWIs in the United States, located at such facilities as

hospitals, health care facilities, and commercial waste disposal companies to dispose of hospital

waste and medical/infectious waste.  Most MWIs are located at hospitals.   Of the approximately4

7,000 hospitals in the United States, fewer than half have MWIs.60
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4.6 Crematories

4.6.1 Process Description

Crematory incinerators used for human cremation at funeral homes, mortuaries,

cemetaries, and crematories are normally of an excess air design.  They utilize secondary

chamber (afterburner) and primary chamber (ignition) burners fueled by liquified petroleum (LP)

gas or natural gas.  Burner capacities are generally between 750,000 and 1,500,000 BTUs per

hour per burner.  Late model units have burner modulation capability to regulate chamber

temperatures and conserve fuel.  Incineration rates range from 100 to 250 pounds of remains per

hour.

Preheating and a minimum secondary chamber temperature, typically ranging from

1,400(F to 1,800(F, may be requirements.  Although not suitable for this batch load type of

incinerator, the same requirements are occasionally applied to the primary chamber.

The human remains and cremation container, generally made of cardboard or wood, are

loaded onto the primary chamber hearth and the primary burner is ignited to begin the cremation

process.  The remains may be raked at the midpoint of the cremation to uncover unburned

material and speed the process.  The average cremation takes from 1-1/2 to 3 hours, after which

the incinerator is allowed to cool for at least 30 minutes so that the remains can be swept from

the hearth.61

4.6.2 Emission Factors

Evaluation tests on two propane-fired crematories at a cemetery in California were

conducted through a cooperative effort with the Sacramento Metropolitan Air Quality

Management District to determine HAP emissions from a crematory.   The units were calibrated62

to operate at a maximum of 1.45 million Btu per hour.  Emissions testing was performed over a
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two-week period.  Thirty-six bodies were cremated during the test period.  The body, cardboard,

and wood process rates for each test per crematory were reported.

Sampling, recovery, and analysis for arsenic were performed in accordance with CARB

Method 436.  An emission factor developed from these data is presented in Table 4-18.62

4.6.3 Source Locations

In 1991, there were about 400,000 cremations in more than 1,000 crematories located

throughout the United States.  Table 4-19 lists the number of crematories located in each State

and the estimated number of cremations performed in each State.63

4.7 Stationary Internal Combustion Sources

4.7.1 Emissions

Air emissions from the flue gas stack are the only emissions from electricity generation,

industrial turbines, and reciprocating engines.  Internal combustion engines or turbines firing

distillate or residual oil may emit trace metals carried over from the metals content of the fuel.  

If the fuel analysis is known, the metals content of the fuel should be used for flue gas

emission factors, assuming all metals pass through the turbine.   The average fuel analysis result64

can be used to calculate emissions based on fuel usage or stack exhaust flow measurements. 

Potential emissions based on the trace element content of distillate oils have been calculated and

compared with measured stack emissions.   In almost all cases, the potential emissions were 65

higher than the measured emissions.  An emission factor for distillate oil-fired turbines is

presented in Table 4-20.64
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TABLE 4-19.  1991 U.S. CREMATORY LOCATIONS BY STATE
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 4.7.2 Source Description

Internal combustion sources for electricity generation and industrial application are

grouped into two types:  gas turbines and reciprocating engines. 

Stationary gas turbines are applied in electric power generators, in gas pipeline pump and

compressor drives, and various process industries.  Gas turbines greater than 3 MW are used in

electric generation for continuous, peaking, or standby power.  The primary fuels used are natural

gas and distillate (No. 2) fuel oil.64

Reciprocating internal combustion engines may be classified as spark ignition and

compression ignition.  Spark ignition engines are fueled by volatile liquids such as gasoline,

whereas compression ignition engines use liquid fuels of low volatility, such as kerosene and

distillate oil (diesel fuel).65

In compression ignition engines, combustion air is compression-heated in the cylinder

and diesel fuel oil is then injected into this hot air.  Ignition is spontaneous because the air is

above the autoignition temperature of the fuel.  Spark ignition engines initiate combustion with

an electrical discharge.  Usually, fuel is mixed with air in a carburetor (for gasoline) or at the

intake valve (for natural gas), but fuel can also be injected directly into the cylinder.66

The rated power of gasoline and diesel internal combustion engines covers a substantial

range:  up to 250 hp for gasoline engines and up to and greater than 600 hp for diesel engines. 

The primary domestic use of large stationary diesel engines (greater than 600 hp) is in oil and gas

exploration and production.  These engines supply mechanical power to operate drilling (rotary

table), mud pumping, and hoisting equipment and may also operate pumps or auxiliary power

generators.   Stationary natural gas-fired spark ignition engines of over 5,000 hp and natural67

gas-fired turbines of over 10,000 hp exist.
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